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Forward

This reportsummarizean experimentalstudy of the capabilityto measureoceansurface
wind directionfrom spaceusinga conical-scanningpassve microwave polarimeter The
studywas originally undertalen to provide corroborationof the evidenceobtainedusing
the DMSP SSM/I sensotthatsuggestedhat oceansurfacewindsimpartdeterministicand
measurabldrightnesgemperaturenisotropieson the upwelling radiationfield, andthat
theseanisotropiecanbe usedto remotelysenseoceansurfacewind direction. The study
extendsthe SSM/Iwork by developingageophysicamodelfunction(GMF) for additional
frequenciesandpolarizationsdemonstratinga maximumlik elihoodwind vectormapping
algorithm,andillustratingthe potentialaccurag of satellite-basetheasurementsf ocean
surfacewindsthroughsimulationsusingrealdovnsampledaircraftdata.

By focusingon high-resolutionimaging of the oceansurface using a new air-
bornepolarimetricimaging radiometer(the PolarimetricScanningRadiometeror PSR),
the SSM/I measurementwere corroboratedn the meanover mesoscalsizedregions of
~30km extent. The PSRis thefirst radiometelinstrumento provide high-resolution(~1-
2 km spotsize) multiband(10.7, 18.7, 37, and 89 GHz) polarimetric(first three Stokes
parametersT,, T, andTy) imageryof the oceansurface. Theresultsin this reportare
basedon extensve aircraft obsenationsmadeusingthe PSRover the LabradorSeaand
othereasterr.S. offshoresites.

ThePSRLabradorSeaflights provideddatato developanextendedGMF for ocean
surfacethermalemissionfor T, T;,, andTy at 10.7and37.0 GHz, andfor T,, and T}, at
18.7GHz. Whentheraw datawereaveragedover a large numberof scango reduceboth
instrumentand geophysicahoise, excellentagreemenbetweenthe PSRand SSM/I 37

GHz azimuthalharmonicamplitudesvasobtainedfor the rangeof wind speed$rom near



calmto ~16 ms~! over large footprint areasand for an ensembleof ocean-atmosphere
states.The GMF alsoshaws excellentconsisteng betweenamplitudesandphasesf the
azimuthalharmonicdor the 10.7,18.7,and37.0GHz channelswith harmonicamplitudes
monotonicallyincreasingoy ~50% from 10.7to 37.0GHz.

On smallerspatialscalesthe T, andT; dataoften shovedlocal brightnessvaria-
tionsof upto 10-15K thatarerelatedto the presencef corvectionand/orunstableair-sea
conditions.Atmosphericconditionssuggesthatthesebrightnesgperturbationsarecaused
by surfacewave spectrumvariations. Suchconditionsdid not influencethe Ty, imagery
nearlyasmuch,andin mary instancesvirtually no impactwasseenin T;;. The degree
to which Ty rejectssuchcorvection-relatedperturbationgndicatesthat the polarization
signaturewill provide valuableinformationon surfacewave, andhencewind, direction.

The PSRGMF wasusedto demonstratéhefirst aircraft-basegassve microvave
mapsof oceansurfacewind fieldsusinga maximumlik elihood(ML) estimatowith adap-
tive channelweights. One-dimensionaWind line plots were developedusing full 360
azimuthalscansandtwo-dimensionaWind field mapsoveraregion of ~14x 100km were
developedusing a two-look technique.Both one-andtwo-dimensionatechniqueshowv
that oceanwind direction signaturesover mesoscale-sizedegions of ~15 km or greater
size are consistenenoughfor satellitemappingusing a two-look polarimetrictechnique
that includesTy. Moreover, adaptve channelweighting allows use of all radiometric
channelsduring conditionswherethe azimuthalharmonicshave high signal-to-noisera-
tio (SNR),but emphasizethelowerfrequeng channelsluringconditionswhenthehigher
frequeny channeldbecomeperturbedoy eithercloudsor surfaceroughness.

Satellitesimulationsusingthe PSRdatadownsampledo spotsizessimilar to that
of the SSM/I, but including both tri-polarimetricchannelqT,, T3, andTy) andtwo-looks
show retrieval accuracie®f +8.4° and+0.8 ms~! without directionalambiguities. These
resultsstrongly supportthe conceptof satellite-baseghassve oceansurfacewind vector
mapping.Whenthethird Stokesparameteis removedthesimulatedretrieval accurag was

reducedo +12.6 and+1.0 ms~!, with a significantincreaseén ambiguityrate(11.1%).



Whena tri-polarimetricsystemis usedbut with only onelook, the accurag is +14° and
+1.6 ms™!, althoughthe ambiguity rateis slightly lower (7.7%). It is notedthat these
simulationaccuraciesreconsistentvith errorvaluespredictedusingthe CramerRaoerror
boundfor retrievals of multichannelsinusoidalsignal phasesn the presenceof satellite
radiometemeasuremerroise.Thesimulationsalsoshow thatwind directioninformation
significantly benefitsthe retrieval of wind speedby resolvingsmall azimuthalbrightness
perturbationghatwould otherwiseproducewind speecerrors.

The hardwaredevelopmenteffort underthis contractalsoresultedin severalinno-
vationsusefulfor spaceborn@assve microvave wind directionsensing. The useof a 1
GS/sedahree-level digital polarizationcorrelatorin the PSRshaved for the first time that
accuratecalibratedpolarimetricmeasurementsan be madeusingonly standardunpolar
izedambientandcold calibrationtargets. Suchcalibrationstandardsarereadily available
in a spaceervironment. The correlatordemonstratioralso requiredthe developmentof
new expressiorfor theresponsef a digital correlatorto the input correlationcoeficient,
correlatorA/D corverteroffset,and A/D corverterhysteresis.The utility of a polarized
calibrationstandardor ground-basegbre-flight calibrationof the threefirst threeStokes
parametersvasdemonstratedSucha calibrationstandardshouldbe usefulfor pre-launch
calibrationof polarimetricsensorsuchasWindSatandCMIS.

The airbornevalidationstudyalsoprovidedthefirst scannegolarimetricimaging
radiometesuitablefor post-launcrsatellitecalibrationandvalidationof a variety of future
spacebornpassve microwave sensorsThecapabilitiesof the PSRfor airbornesimulation
are continuouslybeing expandedhroughthe developmentof new mission-specifiscan-
headsto provide airbornepost-launchsimulationof a variety of existing andfuture U.S.
sensorsincludingCMIS, ATMS, AMSU, SSMIS,WindSat, TMI, RAMEX, andGEM.

In essencethis reportis the thesisof Dr. Jefrey Piepmeiet, andis arrangedas
follows: Chapter2 describedligital correlationpolarimetryandthe correlationhardware

usedin the PSR.Chapter3 describegshe PSRhardwareanddataprocessingandincludes

IPiepmeierd. R. Remote Sensing of Ocean Wind \ectors by Passive Microwave Polarimetry. Ph.D.thesis,
GeogiaInstituteof Technology1999.



obseredimageryobtainedduring the LabradorSeaexperiment. Chapter4 describeghe
PSRcalibration.Chapters describeshe oceansuriaceGMF developedfrom the Labrador
Seameasurementhapter6 describegshe ML wind vectorretrieval algorithm,the adap-
tive channelweightingalgorithm,andthe ML CramefrRaoerrorbound.Wind vectormaps
retrievedusingPSRbrightnessmageryasshavn. Chapter7 describesheresultsof several
simulatedsatelliteretrievals.

Additional informationon the PSRand updateson the analysisof PSRdatafrom
several related experimentscan be found on the internetat the NOAA/ETL web page
http://www1.etl.noaa.goradiom/psthtiml. PSRdatafrom the 1997 HurricaneWinds Ex-
periment(HOWEX) andthe 1998 Third CornvectionandMoisture Experiment(CAMEX-
3) are currently being analyzedto extend the LabradorSeaGMF to higherwind speed
regimes.

AcknowledgementsThe developmentof the PSRmotordrive andcalibrationsys-
tem,aircrafthardwarefor integratingthe PSRinto the NASA P-3Baircraft,andprocessing
of the PSRdatawasfundedby contract# SMC185-96-N0109rom the NPOESSInte-
gratedProgramOffice. A major portion of this study including the original designand
developmentof the PSRandthe P-3 aircraftflight operationsvasfundedby the U.S. Of-
fice of Naval Researchundergrant# N0014-98-F-007 andASSER award# N00014-
96-1007.Thedevelopmenbf the PSRdigital correlatormodulesvasfundedunderNASA
grantNAGW 4191.
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CHAPTER 1

Intr oduction

Passve microwave remotesensings a valuabletool for providing global, all weatherday
andnight obsenationsof the Earth's oceans.Suchobsenationsarevaluableto the scien-
tific, defenseandindustrialcommunities Oceanobsenationsare usedto initialize and/or
verify oceancirculation, air-seainteraction,and atmospherianodels. Improved perfor
manceof suchmodelsfacilitatesoperationalweatherforecastingandmodelingnecessary
to predictglobal climate change.The United StatesNavy reliesheavily uponmicrowave
satelliteervironmentalproductsin carryingouttacticaloperationsGlobal obsenationsof
oceanwinds andwavescanaid theinternationakshippingindustryin operationglanning,
for example.Hencethereis aneedfor asystento providetimely, accuratehigh-resolution
oceansurfaceobsenationswith globalcoverage.

Remotesensingof the boundary-layewind speedusingsatellitebasedmicrowvave
radiometerdrasbeenanestablishedechniquefor nearlytwo decadege.g.,[44, 28]). The
techniquas basedupontherelationshipbetweerocearsurfaceemissvity andnearsurface
wind speed Horizontalflow appliesstresgo the surface,which becomesncreasinglydis-
turbedandroughenedvith higherwind speeds.The surfacerougheningandthe presence
of foam (causedby wave breaking)increaseghe surfaces microwave emissvity (e.g.,
[56, 15, 65]), resultingin a measurablencreasen brightnessemperatureof ~1 K per
ms~!. Theradiometrictechniqueis mostviable for wavelengthsof ~1-3 cm becausehe
transmisstity overthisrangeis reasonabhhigh throughmostcloudsandwatervapor and

the satelliteantennasizesrequiredto achieze mesoscaldootprint sizes(~20-30km) are



moderatg~1-2m). The SpecialSensoMicrowave/Imagei(SSM/I),flown onthe Defense
MeteorologicalSatellite Program(DMSP) Block 5D-2 satellitesis usedoperationallyto
globally mapscalamwind speed.

Spacebornscatterometeraretheonly sensorgurrentlycapableof providing global
obsenation of the oceansurfacewind vector thatis, both speedand direction. Examples
includethe NASA scatterometefNSCAT?) (launchedn August1996)[45], the European
SpaceéAgeng/’sERS-1and-2 scatterometer@aunchedn 1991and1995 respectiely)[3],
andthe SeaWhds scatterometefplannedlaunchin mid-2000)[68]. While suchsensors
provide operationatapability they incorporatanicrowave transmittersyhichrequiresig-
nificantelectricalpower, andutilize comple< signalprocessinghardwarethatmustfly on-
boardthespacecratftin theretrieval of wind vectorsfrom scatterometedatatherealsoex-
istsaproblem,namelydualdirectionalambiguityof thesolutions(e.g.,[55]). Thecomple
hardwarerequirement&ndretrieval ambiguityproblemsareundesirableharacteristicen
alow-costoperationalvind vectorsensor

A potentialalternatve to scatterometrys passve microwave polarimetry Develop-
mentof passve microwave polarimetryfor measurementf boundarylayer wind vectors
hasonly recentlyrecevedattention(e.g.,[66, 71,50]). Thelateng in developmentof the
polarimetricwind directiontechniquestemsrom therelatively smallazimuthalbrightness
signatureproducedoy a wind-drivenoceansurface(typically ~0.5-3K in amplitude),as
well asthe someavhatincreaseccomplexity of a microwave polarimetervis-a-vis a con-
ventionalradiometetf. A distinctionis dravn betweena polarimeteranda radiometerby

consideringa completedescriptionof the radiationfield asdefinedby the modifiedStokes

INSCAT provided 10 monthsof databeforethe failure of the ADEOS spacecrafterminatedthe data
streamin Junel997[29].

2Also of noteis thatthe investigatorsvho madethe early efforts at modelingthe sea-suriceemissvity
purposefullyaveragedoverthe azimuthalanisotroy of thewind-drivenoceansurfaceto make the computa-
tional problemtractable.



vector[60]:

T, (IEs[*)
— I, | ¥ (IEw|?)
Ty | 7k | 2Re(EYED)
Ty | 2Am(EE;)

(1.1)

whereE, andE}, arethecomplex verticalandhorizontalfield amplitudedor anarrov band
of frequenciesaboutf, i is the wave impedance) the wavelength,andk = 1.38 - 10=23

JK~1! is Boltzmanns constant. The units of Tz areall Kelvin. While a corventionalra-

diometermeasureshe first two elementsf the Stokesvector (7, andT}), a polarimeter
measurest leastone of the third or fourth throughan appropriatecross-correlationech-
nique.

Thefirsttwo modifiedStokesparameterg,, and7; canbemeasuredsingstandard
linearly-polarizedtotal-pover radiometerd61]. Detectionof the third andfourth Stokes
parameterdhowever, requireswo additionalmeasurement® effectively performthe cor
relationsin (1.1). Polarimetergall into oneof two basiccateyories: additive polarimeters
anddirect correlatingpolarimeters. The additive polarimeterusesmeasurementsf the
brightnesgemperaturef at leasttwo additionalpolarizationstatese.g.,45° linearly po-
larized (T45-) andeitherleft- or right-handcircularly polarized(7; or 7;.). Thethird and
fourth Stolkesparametersanbefoundusingthe sumsanddifference®f thefour measured
brightnessemperaturesThedirectcorrelatingoolarimeterontheotherhand estimatedy
andTy by cross-correlatingheinstantaneousoltagesignalsof theverticalandhorizontal
channels.The actualcorrelationcanbe performedby eitheranalogor digital multiplying
circuitry.

Several mechanismgan contribute to polarimetercalibrationerrors. In the addi-
tive polarimetey recever and signalcombiningnetwork imbalancesan causemixing of
all four Stokesparameterghe amountof which mustbe known. Onemethodfor compre-
hensve calibrationof the first threemodified Stokes parametersisesa rotating polarized

calibrationstandard20]. Useof the polarizedstandardn space however, requiresaddi-



tional hardware beyond the corventionalambientand cold blackbodystandardghat are
commonlyused. Thus, it is desirableto designsystemsrequiring minimal amountsof

calibrationhardware. While an analogcorrelatorcanbe usedto determin€ly or Ty, its

response@enerallywill requirethein-situidentificationof gainsandoffsetsof multiplica-

tion anddetectiorcircuitry. Sucheffectscanbeminimizedby propertuningandbalancing,
but eliminationof long termdrift in detectionandvideo componentganbe prohibitively

expensve.

To simplify thecalibrationproblemdigital correlationis presentedh Chapter2 asa
solutionfor precisemeasurementf 7Ty, or Ty,. Here,horizontalandvertical IF signalsare
sampledat the Nyquistrate, the digital samplescross-correlatedsingfastmultiplication
circuitry, andthe resultingproductsintegratedvia digital accumulation.Provided thatthe
digitized signalcontainsno DC component&andthe A/D corversionis performedideally,
the correlationcoeficient canbe obtainedwithout offsetandleakagecomponentsA fur-
ther advantage(discussedn Chapter4) of using a digital correlatorwith morethanone
bit (or two levels) of quantizationis that in-situ calibrationcan be performedusing only
cornventionalunpolarizedviews of two tamets.

Thefirst measuremertf thebrightnessemperaturelependencen boundarylayer
wind directionwasperformedoy Bespaloaet al. [5]3. Nadiraircraftobsenationsrevealed
a5 K increasdn brightnesgemperaturavhenthe polarizationvectorwasalignedin the
along-winddirection versusthe cross-winddirection. Theseobsenationsconfirmedthe
modelpredictionanadeby Kravstov et al. [39]. Laterstudiesy Etkinet al. [16] andlrisov
et al. [35] confirmedand morethoroughlyinvestigatedhe nadir brightnesgemperature
anisotroy of the oceansurfaceandits relationshipto boundarylayerwinds.

In the late 19805, satellite wind speedmeasurementmadeusing the SSM/I at
an off nadirincidenceangleof 53.1° were obsered by Wentzto have an error that was
dependenuponthe wind direction [66]. From the analysis,T,, and 7}, at 19 and 37.0

GHz were shovn to have ~1-3 K directionalvariation. As illustratedin Figure 1.1(a-

3]t is notablethat Russiarscientistanadetheinitial theoreticalindobsenationaldevelopmentsibout20
yearsago.



b), T, exhibits a first-orderazimuthalharmonicvariation(indicative of upwind-davnwind
surfaceasymmetry)while 7}, exhibits a second-ordeharmonicvariation(evidenceof the
along-windandcross-windsurfaceanisotrofy).

In additionto T, andT},, thethird Stokesparametefl;; wasobseredusinganadir
viewing polarimeteraboardan aircraft by Dzuraet al. [14] andwasfoundto have sig-
nificantdependencen wind direction. Subsequentvave-tankandaircraftmeasurements
usingfixed-beanradiometergonfirmedthe presencef theTy signatureatoff-nadirview-
ing angles[21, 70]. While similar in amplitudeto 7, and 7}, the third Stokes parameter
is in phase-quadratungith respecto thewind direction,asseenin Figurel.1(c). Recent
obsenationsof the fourth Stokes parametehave revealedits phase-quadratuneatureas
well [25]. Becauseof this characteristicly (andpossibly7y,) canprovide key informa-
tion necessaryo remove ambiguitiesin thewind directionsignature®f T, and7},. These
polarizationparameterfiave alsobeenshovn to be lessaffectedby the presencef clouds
andlocal corvectionthanthe first two parameter$22]. Finally, theseparametersire ef-
fectively zeromean,andlesssubjectto misinterpretatiorcausedrom fluctuatingbaseline
values.

Although several investigatordhave measuredhe microwave wind-directionhar
monics, the useof fixed-beanradiometershasprecludedthe acquisitionof polarimetric
imagery of thewind-drivenocean.An airborneconically-scannegolarimeteythe Polari-
metricScanningRadiomete(PSR),hasbeendevelopedaspartof thisdissertatiorresearch
to obsene morefully the polarimetricemissionof the oceansurface(seeChapter3). The
PSRwasthe first airborneconically-scanningolarimetey andwasfirst flown during the
LabradorSeaexperimentin March 1997 on the NASA WallopsFlight Facility’s Orion P-
3Bresearclaircraft[48, 24,19]. For theLabradorSeaexperimentthe PSRwasconfigured
with four radiometers&t10.7,18.7,37.0,and89.0GHz. A uniquel GS/sdigital correlator
[49] provided measurementsf thethird Stokesparametefl;; at 10.7and37.0GHz.

The PSRimageryrevealsthe systematiavind-directionsignatureaswell asa vari-

ablecomponentvhicharisedrom cloud(andpossiblysurfaceroughnessinhomogeneities.
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Using the imagery wind-directionharmonicswere measurecver a wide rangeof wind
speedsanda geophysicamodelfunction (GMF) for azimuthalbrightnessvasdeveloped
(seeChapter5). Over wide regions (~30 km in size) the LabradorSeaGMF modelis
shavn to comparefavorably with the modelfunction found by Wentz using SSM/I data
[66]. Comparisorof the PSRGMF with a recentSSM/I investigationby Bateset al. [4]
revealdiscrepancie§particularlyin theT; harmonicamplitudes)which suggesthataddi-
tional processebeyondthesurfacewind speecdhave influenceuponthebrightnessemper
atureharmonicamplitudes.

Passve microwave wind vectorretrieval algorithmsappearingn the literaturein-
clude a sum-of-square$¢SOS) minimization algorithm [66] and a neuralnetwork based
estimator{18]. The SOSalgorithmis sub-optimalbecausehe relative noisesof the vari-
ousinput channelsarenot usedto weightthe channelsappropriately The neuralnetwork
basedestimatoressentiallyapproximatesheinversionof the GMF by learningfrom train-
ing data;however, anestimateof theretrieval errorvariances notdirectly calculablefrom
the neuralnetwork. Therefore,a multi-look retrieval methodbasedupon the maximum
likelihood (ML) principle [62] wasdeveloped(seeChapter6) to simultaneouslyetrieve
boththespeedanddirectioncomponent®f thewind. ThestandardML methodwasmodi-
fied to allow for theadaptatiorof channelweightsto compensatéor GMF modelingerror.
Another favorableattribute of the ML wind vector estimatoris the ability to computea
minimum boundon the error standardeviation (i.e., the CramerRaobound). The utility
of the multi-look retrieval techniquein both one-dimensionaandtwo-dimensionalwind
field mappingis demonstratedsingconically-scanne@olarimetricmicrowave brightness
imageryobtainedduringthe LabradorSeaexperiment. The conically-scanningonfigura-
tion of the PSR,asopposedo a fixed-beanradiometermakespossiblethe measurement
of atwo-dimensionalind vectorfield from theaircraft.

The configurationof a passve microwave wind vector satellitewasinitially pro-
posedby Wentz[66] to usetwo looks at eachsurfacecell becauseat thetime the utility of

thethird Stokesparametewasasof yet not clear With the known propertiesof 7y (and
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Figure 1.2: Passve microwave satellitesensolin two-look conically-scanningonfigura-
tion.

Ty), however, a spaceborn@olarimetersystemmight only needonelook at a surfacecell
to measureghe wind vector Thetwo-look surfacecoverageof a conically-scanningatel-
lite sensoiis illustratedin Figurel.2. SatellitesensorsurrentlyplannedncludeWindSat
[17] and the Conical Microwave Imager/Sounde(CMIS) of the National Polarorbiting
OperationErnvironmentalSatellite System(NPOESS) WindSatconfigurationis designed
(becausef calibrationload placementfor two-look mappingalongone-halfof its swath
andone-lookmappingalongthe otherhalf. The scanningconfigurationand polarization
selectionis an openquestion. Simulationsin Chapter7 help to quantitatvely measure
threecases:a two-look polarimetey a two-look radiometer and a one-lookpolarimeter
Themeasuresisedincludethe RMS retrieval accurag andthe directionalambiguityrate.
The sensitvity of the two-look polarimeteris alsocomparedo the retrieval CramefRao
boundfor arangeof radiometricsensitvities andthreefrequeng bandcombinations.

Thethesisis arrangedasfollows: Chapter2 describegligital correlationpolarime-



try andthe correlationhardware usedin the PSR.Chapter3 describegshe PSRhardware
anddataprocessingaswell assomeobsenedimageryobtainedduring the LabradorSea
experiment.Chaptedd describeshePSRcalibration.Chapteis describesheocearsurface
GMF developedfrom LabradorSeameasurement£hapter6 describeshe ML wind vec-
tor retrieval algorithmandits associatedCramerRaoerror bound. Wind vectormapsare
retrieved from brightnessmageryobtainedusingthe PSR.Chapter7 describegheresults
of severalsimulatedsatelliteretrievals.

This thesisdescribes systemfor high-resolutiorwind vectorfield mappingusing
passve microwave polarimetry Contributionsto passve microwave polarimetryinclude
developmentand successfubperationof a high-speedligital correlatorfor third Stokes
parametedetectionaswell asthe precisecalibrationof thedigital correlationpolarimeter
usingviews of two unpolarizedargets. Contributionsto passve polarimetricmicrovave
remotesensingof theoceanncludemeasurementsf wind directionharmonicdor 7, T},

andTy, andthe ML wind vectorretrieval algorithm.
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CHAPTER 2

Digital Correlation Polarimetry

Thefundamental®f digital polarimetricradiometryaredescribedn this chapter Thedig-
ital polarimeterusesadigital correlatorto performthecorrelationgequiredto measurehe
third and/orfourth Stokesparameter(s)The relationshipdbetweerthe signalinput statis-
tics andthe correlatoroutputsarederived andusedto computethe associatedadiometric
sensitvities. Systematicerrorsdueto systemnonidealitiesand their mitigation through
designarealsodiscussedUsingthesedevelopmentsthefirst widebanddigital correlating

polarimeterwasbuilt anddemonstratedThe performanceof the polarimeteris described
here.

2.1 Background

The modified Stokes vector can be usedto fully describethe second-ordestatisticsof
the quasi-monochromaticadiationfield at a point in space. The elementsof the modi-
fied Stokesvector in units of brightnesgsemperaturgKelvin), are directly relatedto the

following ensembleveragesf theincidenttrans\erseelectricfield component$60]:

T, (1)
_ T A2 Ey|?
Ty = = (I1E[) (2.1)

Ty | 7% | 2Re(E,E)

Ty 2Im(E, E;)
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Figure2.1: Block diagramof atypical additive polarimeter

where is the wavelength,n is the impedanceof the medium,andk is Boltzmanns con-
stant. Here, E,, is the phasoramplitudefor polarizationa: (= v or k) perunit solid angle
andbandwidth. The first two parameters], and7}, arethe intensityin the vertical and
horizontalpolarizationsandtheir sumis the total radiationintensity The remainingtwo
parametersontaininformationaboutthe polarizationcharacteristicef the radiationfield.
Specifically Ty, indicatesthe degreeand senseof linear polarizationand 7y, of circular
polarization.Partially polarizedthermalradiationis specifiedoy nonzerdly; or T, .
Theparameter§,, andT}, canbe measuredisingstandardinearly-polarizedotal-
power radiometerd61]. Detectionof the third and fourth Stokes parametershowever,
requirestwo additionalmeasurement® effectively performthe correlationsn (2.1). The
varioustypesof polarimetricradiometerdall into two basiccateyories:additive polarime-
ters (AP) anddirect correlatingpolarimeters DCP). The additive polarimeterusesmea-
surement®f the brightnesgemperaturef at leasttwo additionalpolarizationstatese.g.,
45° linearly polarized(T4s-) andeitherleft- or right-handcircularly polarized(7; or T;.).
Fromthefour measuredbrightnessemperatureandusingthe Stokesparameterotational

transformatiori8], thethird andfourth Stokesparametersanbefound. For example:
TU = 2T45o - Tv - Th (22)
Ty =21, — T, — Tp, (2.3)

The AP architecturevasthe first type to be implementedand usedon an aircraft

11
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to obsenrethe oceansurfaceemissionat nadir[14]. Subsequenneasurementat off nadir
angleswere madeby Kunkee usinga W-bandAP [42] and Yuehet al. usinga K-band
AP [70]. The block diagramof sucha systemis seenin Figure2.1. A signalcombiner
(or magic-T)is usedto synthesizeéhe45° polarizationusingthevertically andhorizontally
polarizedsignals. The subtractionsn (2.2) arecarriedout using post-detectiomifference
amplifiers.

The DCP estimated; andTy by cross-correlatinghe instantaneousoltagesig-
nalsof theverticalandhorizontalchannelgseeFigure2.2). Theactualcorrelationcanbe
performedby eitheranalogor digital multiplying circuitry. A dual-channekuperhetero-
dynerecever with acoherentocal oscillator(LO) mayberequiredto downcorvertthe RF
bandof interestto accommodat¢he bandwidthand/oroperatingfrequeng of the analog
multiplier or the digital correlatorA/D corverters. If the time-varying voltagesv,(t) and

vp(t) areassumedo be stationaryandergodic[54], thenthe covarianceestimateR,, is:

Bp=1 / o (B)ua(t)dt (2.9)
0

where is the integrationtime. Sincethe IF voltagesare relatedto the incident field

guantitiesby the receving antennas effective areaandthe recever’s signaltransferchar

12



acteristicsmeasuringR,;, is equivalentto measurindly;:

CZ/—\1U = 2ﬁ\/ CZ/—\’v,sysiz/—\jh,sys7 (25)

wherep = Ryt isthecorrelationcoeficientandfa,sys arethe systemtemperaturesf the

Gu0p

total-paverradiometerdor polarizationsy = v andh. If thelF signalsaredowncorverted
in-phase Ty is estimatedhowever, if the recever is single-sideban@dndthe signalsare
downcorvertedin phase-quadraturéhenTy, is estimated.
Severalmechanismgancontribute to calibrationerrorsin either(2.2-2.3)or (2.4-
2.5). Imbalancesn signalcombinerscan causeStokes parametemixing in the AP. Dif-
ferencesbetweenthe detectorsandthe video amplifierscanalso causeunwantedmixing
betweenthe individual Stokes parameters.While error producedby the combinersand
summingamplifierscan be avoided by usingan analogDCP detectionhardwareis still
required,andothererrorscanbe causedy the signal splittersandthe analogmultiplier
itself. The errors(to which the AP andanalogDCP are both susceptible)n effect cause
unwantedgainsandoffsetsin the detectoroutputsof the polarimeter The detectoroutput

voltagescanbeexpresseasfollows:

Uy Guv Guh GuU Guv Tv Oy
Up, A wh U Gnv | | In on
_ G g g g . (2 . 6)
vy guv 9un guv guv| |Tv oy
K4 (gve gvn gvu gvv| |Tv] ov |

Propercalibrationof the AP or analogDCP requiresthe determinationof the gain and
offsettermsby anappropriatdéechnique.

TheAP describedn [70] wascalibratedoy carefullymeasuring-priori thevarious
amplitudeimbalance®f the combiningandpost-detectiometworks. The systemwasalso
temperaturstabilizedto minimizetheeffectsof drift. While thistechniquecanmitigatethe
effectsof systemimbalanceon the gain and offsetterms, eliminationof long-termdrift
in operationalsystems however, can be prohibitively expensve. An in-situ calibration

methodcanaddresghis problem.

13



Onemethodfor comprehensie calibrationof thefirst threemodifiedStokesparam-
etersusesarotatingpolarizedcalibrationstandard20]. The polarizedstandargresentso
therecever a strongly polarizedbut preciselydeterminedadiationfield andallows com-
pletedeterminatiorof thegainsandoffsetsfor thefirst threeStokesparametersCalibration
of the fourth Stokes parametechannelcanbe accomplishedy insertionof an appropri-
ate 90° shift in RF pathusing,e.g.,a quarterwave plate. Use of the polarizedstandard
in spacehowever, requiresadditionalhardwarebeyondthe corventionalambientandcold
blackbodystandardshatarecommonlyused.

In the implementationof (2.1), it is desirableto designa systemthat requiresa
minimal amountof calibrationhardware. A solutionto precisemeasuremenof 7y or
Ty canbe found throughdigital correlation. Herethe RF (or IF) signalsare sampledat
the Nyquist rate, the digital samplescross-correlatedising fast multiplication circuitry,
andthe correlationintegral (2.4) performedvia digital accumulation. Provided that the
digitized signalcontainsno DC componentandthe A/D corversionis performedideally,
the correlationcoeficient 5 canbe obtainedwithout offsetof leakage Becausehe signals
aredigitized, the gain and offset errorscreatedby signal splitter and detectionhardware

imbalancesreeliminated.The systemequationthereforejs nearlyin theidealform:

Uy gow O 0 0 T, Oy
v 0 0 0 T 0
h Ghh R h 2.7)
Vu 0 0 Juu 0 TU 0
Vy 0 0 0 gvv TV 0

wherew,, vy, vy anduvy arethe linearizedoutputsof the digital correlationhardware. A
further advantageof usinga digital correlatorwith more thanone bit (or two levels) of
discretizations thatin-situ calibrationcanbe performedusingonly conventionalambient
andcold unpolarizedviews, for example,anambientblackbodytargetandcold space.
Digital correlationradiometrywasfirst suggestedy Weinreb[64] for usein au-
tocorrelationspectrometerfor radio astronomy As shavn by Weinrebin autocorrelation

spectroscop of Gaussiarsignals,only a single bit of quantization(i.e., two-level A/D

14
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Figure2.3: Block diagramof a typical digital polarimetricradiometer This direct corre-
lating polarimetenutilizesa dualpolarizedantennagdual channekuperheterodynescever,
anda 3-level digital correlator ThelF signalsarealsocoupledto corventionalsquardaw
detectorsaandvideoamplifiers.

conversion)is requiredto achiere ~64% of the detectionsensitvity of a perfectanalog
correlatorsystem. As fastdigital logic becamewidely available, the single-bitsystems
were replacedwith three-level (reduced2-bit or 1.6-bit) systems.The two-bit correlator
canobtainup to 88% of the detectionsensitvity of theanalogsystem11]. Theincreasing
availability of discretehigh-speedligital logic hasfacilitateddevelopmentof spectrome-
tersoperatingover wide bandwidths andboth single-bitandtwo-bit correlatorshave now
beenimplementedat clock-ratesashighas2 GS/s(e.g.,[47, 7, 31,59, 46]).

In this chapterwe presenthe first digital correlatordesignedand constructedor
usein microwave polarimetry The block diagramof the digital polarimeteris shovn in
Figure 2.3. The major componentsare a dual-polarizedantenna(l), a superheterodyne
SSB phasecoherentdual channelrecever (11), and a three-level digital correlator(lll).

We bggin in Section2.2 with a descriptionof digital correlationradiometryanddiscuss
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in Section2.3 aninvestigationof systematicerrorsalongwith designimplications. The
digital correlatorhardwareis describedn Section2.4. (The operationand calibrationof

thesystemis describedn Chapters3 and4.)

2.2 Digital Correlation Radiometry

Thedigital direct-correlatingpolarimetethasasits maindistinguishingcomponent zero-
lag digital cross-correlatorThe digital correlatoris madeup of threemain sections:A/D
converters adigital multiplier, andaccumulatorsTo understandhow theaccumulatedig-
nalsareusedto determin€ly, it is instructive to examinetherelationshipbetweertheinput
signal statisticsandthe accumulatoloutputs. Theserelationshipsalso provide a measure

of thedigital correlatorsensitvity.

2.2.1 Mean Statistics

Theinput signalsto a correlator v, (t) andwy(t), aremodeledasjointly-Gaussiarstation-

ary randomprocessesvith root meansquarg(RMS) voltagess,, ando,, andcorrelation

Rvavb
Oug Oy,

periodT, theneachsequenceonsistof independenthandidentically distributedsamples

coeficient p = . If the processesire sampledat or belown their Nyquist rate with

with thefollowing joint Gaussiarprobability densityfunction (pdf):

2 2

Vg Vg Up v

1 (a—) 250, T (a—)

f(vg,vp; p) = exp | ——— e b : (2.8)
( a> Vb ) 27T0va0vb /1 _ p2 2(1 _ p2)

Thethree-level quantizationperformedby the A/D corverteron the input signalsis mod-

eledby thetransferfunction:

(
1 if v > vy,

h(v) =4 -1 ifv<—vp,, (2.9)

0 otherwise
\
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h(v)

Figure2.4: Idealtransferfunctionof three-level A/D corvertet

wherethe quantitiest+vy,, arethe thresholdlevels of the quantizationprocesgalso see
Figure2.4). Thesubscriptx denotesitherchannek or b. For typical CMOSor ECL logic,
v, = 0.05 to 0.50 volts; therefore the microwave signalpower is —12 to +8 dBmin a
5012 system.The outputsfrom the quantizerdorm a new pair of joint-randomprocesses,
denotedh(v,(nT)) and h(vy(nT)), wheresamplen is taken at time nT. The second-
orderstatisticsof thesesampledandquantizedoint processearethedigital variancesand
covarianceandarenonlinearlyrelatedto thefirst threeStokesparameters.

For a measuremendf N samplesthe estimateddigital variancesand covariance,

denoteds? andr,,, are:

N
§ = %Z h(vg(nT))? (2.10)
N
P = o S h(va(nT))h(ws(nT)) (2.11)

Thesethreestatisticalparameterare measuredy a simpleaccumulation.The statistics
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Figure2.5: The digital varianceasa function of input RMS voltageat a fixed threshold
level. Theoptimalthresholdevel o, = 0.61 occursato,, /v, = 1.64.

of 82, 52, and7,, andtheir relationshipto 7,, T;, and Ty, areobtainedby integratingthe
right-handsidesof (2.10)and(2.11)againsthe pdf (2.8).

Theexpectedvalueof thedigital variances

(35) = 2[1 — ®(6.)] (2.12)
wheref,, = v, /oy, and
1 L
d(z) = — /244 2.13
@=—=/ e 213

is thenormalcumulative distribution function. Figure2.5is a plot shaving therelationship
betweenthe digital varianceand RMS input voltageat a fixed thresholdvoltage. As will
be shavn, for maximumsensitvity in 7y thevalueof 8, shouldbe closeto 0.61.

Inverting (2.12) yields a simple estimatefor the signalstandarddeviation givena

measuredligital signalvariance:

0y = D! (1 — <§§')> (2.14)



or, in termsof antennarightnesgemperature:

. 62 /Ry
TaNTo = k%G — TrEC,

_ e [g (1 GN]T _ g
RokBG,, 2 REC,a

whereR, is thesystemimpedancepB is thebandwidth G, is thesystemgain,andTgrc o

(2.15)

istherecevernoisetemperatureln generaltheparameter%, andTrec o areslowly
time varying and represensystemgainsand offsetsthat must be identified via periodic
calibration.

Therelationshipbetweerthe input correlationcoeficient p andthe expectedvalue
of the digital covariancer,, = (74) is similarly straightforvard and canbe obtainedby
integratingthe right-handsideof (2.11)againstthe joint pdf. The problem,however, can
be reducedto an integration over one dimensionusing Prices theorem[51, 30]. Price’s

theorenrelatesthe covarianceof theinput signalsto thedigital correlationcoeficient:

Oray [/ dh(v,) dh(vy)
OR,,y, - dv,  duy

= ([6(va + ven,) + 0(va — ven, )] [6(vs + ven,) + (05 — vin, )])
= [(Vtha» Vtny; P) + f(Vthas —Viny; P) + F(—Vthgs Venys P) + f(—Vthg, —Veny; )
= f(0v.0a,00,0; p) + f(—00,04, 04,005 p) +
f(00,0a, 00,043 p) + [ (—0v,0a, —0v,04; p)
(2.16)
Theinputcovariancecanberelatedto theinput correlationcoeficientusingthechainrule:

aTab _ aTab aRvavb —0 o aTab
ap B aRvavb ap s aRvavb

(2.17)

Thedigital correlationcoeficient, therefore s a one-dimensionahtegral of the pdf over

p.
g / /
Tab = Ovaavb / [f(o-vaeay Ovb0b7 1Y )+ f(o-vaeay _Ovb0b7 p) +
0

f(_o-vaeayo-vbeby )+ f( Ova a) Ovb0b7pl)] dp, (218)
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Figure2.6: Thedigital covariancer,, versugheinputcorrelationcoeficientp for § = 0.61.

In practiced, andd, aretakento bed, andf, from (2.14). The relationshipbetweernthe
input correlationcoeficient andthe digital covarianceis plottedin Figure 2.6 for a fixed
thresholdevel 6, = 0.61.

For a giventy,, the correlationestimatep is determinedby nonlinearinversionof
(2.18). The inversiontechniquemustbe carefully chosenso that systematicerrorsaris-
ing from the approximationare not larger thanthe statisticaluncertaintyof the estimate.
This requirementis quite stringent. For example,from (2.5), a radiometemwith a system
temperatureof T,,, = 500 K andan integrationnoiserequiremendf ATgys = 0.1 K
for the third or fourth Stokes parametemould requirea measuremenf p with absolute
errorlessthan0.1K /(2 - 500K) = 1 x 10~%. The two existing inversiontechniquesor
three-level correlatorsarebaseduponpower seriesnversionsof eitherthe bivariatenormal
integral [12] or the one-dimensionaintegral (2.18) [40]. In the former method[12] the
inversionwasderivedfor thecross-correlatomwhile for thelattermethodit wasderivedfor
theauto-correlatarBoth sharesimilar corvergencecharacteristics.g.,third-orderexpan-

sionsarerequiredto obtain0.1% accuray or anabsoluteerrorof 10~ for |p| < 0.6. The
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latter techniqueis mathematicallysimplerandallows an analysisof the effectsof system
nonidealitieswhich will be consideredn Section2.3.1. Sincethis expressionwasorig-
inally derived for the autocorrelatgra nev and more accurateexpressiontailoredto the
cross-correlators presentedhere(the derivation is presentedn AppendixA). First, the
integrandof (2.18)is approximatedoy a Taylor seriesaboutp’ = 0. Next, the seriesis
integratedto obtain:

a) = 2exp |5 @2+ )| x [p+ 5 (02 -1) @~ 1) 5+

1
5 (8= 602+ 62) (3- 66+ ;) °| + 0(6"). (2.19)

Finally, a fifth-order power seriesreversion[1, (3.6.25)]is carriedout on (2.19). The
resultingestimatemapsr,; into p with absolutesrror~ 102 for |p| < 0.5 andnormalized
thresholdevelsd,, 8, of 0.61 4= 10%:

.1 C3 .5 3 e\ .5

p= arab - C_Afrab + <3C_I - C_(lj Tabs (220)

where

2 1
o= 2exp |~ (62 +9)

1 1
= o[- @+ )] - @ - ) 221)
o= gor e | =5 (0 + )| (- 602+ 02) (3 - 83 + 00

Usingafifth-orderpower seriesacceptablénversionerrorsfor polarimetryareattainable.

2.2.2 Sensitvity

A radiometers sensitvity is fundamentallyimited by theavailablebandwidth,obsenation
time, andrecever noise. The radiometricsensitvity of a polarizationcorrelatingradiome-
teris:

9%

8p/0Ty’

ATU,RMS = (222)
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whereo; is the standarddeviation of the estimatep. For continuous(analog)correlation

using N independensamplesand small valuesof p it canbe shavn thatlim,_,, 05 =

1/+/N [11]. Using(2.5)and(2.22)the fundamentabensitvity is:

2\/ Tv,sysTh,sys

= = (2.23)
vN

In the caseof a digital correlator the quantizationnoise of the A/D corverterincreases

ATy rus =

ATy rms. Theincreasen o, dueto quantizatiomoiseis afunctionof boththe numberof
A/D corverterlevelsandthethresholdvoltages. The impactof quantizatiomoisecanbe
minimizedby properselectionof thethresholdvoltagesy;,,, . Usingadigital correlatorwe
have:

O-?ab

_Zfab (2.24)
OF /0Ty

ATy rums =

For thethreelevel systemwith balancedchannelg6, = 6, = ), thesensitvity for vanish-

ingly smallcorrelationis (seeAppendixB.1):

. _ _ 92V Tv,sysTh,sys
}Jl_I)I(l) ATU,RMS =27 [1 @(0)] € —\/N (225)

The above canbe minimized numericallywith respecto # to find the thresholdlevel re-
quiredfor minimummeasuremenincertainty The optimalvalueof  is 0.61with acorre-
spondingsensitvity of:

vV Tvs sT sYs
ATU,RMS = 247#’171] (226)

Comparingthis expressionto the continuouscorrelatornoisein (2.23), we find that the
digital correlatorachieves81% of the sensitvity providedby anidealanalogcorrelator
Thetotal-paver channelsareusefulfor normalizedthresholdevel estimation.The

sensitvity of thetotal-paver channelcanbe calculatedn a similarfashionby

ATy rus = —— = (2.27)
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With thethresholdevelsd, = 6, = 0.61 (i.e., setfor optimal cross-correlatosensitvity),
thetotal-pover channelhave aradiometricsensitvity of (seeappendixB.2)

T.
AT, = 2,902 2.28
,RMS N ( )

Theideal total-paver radiometehasa sensitvity of T.,,/v/N. A three-level digital total-
power radiometercanachiare 41%the sensitvity of anideal analogtotal-pover detector
whenthe thresholdvoltagesare optimizedfor the cross-correlatiorchannel. It is noted
thatin (2.28)the optimal sensitvity for the total-paver channelds not usedbecausehe
thresholdvoltageswerechoserto optimizethe cross-correlatiomhannel.In otherwords,
thethresholdevel valueof 0.61is theoptimumvaluefor smallcrosscorrelationshowever,
this valueis not optimalfor thetotal power channels.This choiceis acceptablehowever,
becausen the polarizationcorrelatingradiometerthe total-pover channelsare primarily
usedto measurdahe relative thresholdlevel values. If the thresholdsveresetfor optimal
sensitvity for total-paver detectionthenthe digital total-paver radiometerachie/es78%

of the sensitvity of theanalogradiometemwith 6, = 1.58.

2.3 SystematicErr ors

Threedifferentsourcesof systematicerrorsaretreatedin this section. The first section
dealswith errorscausedy thresholdasymmetriesn the A/D corverters. Seconda cor-
relationcoeficient offsetgeneratedy downcorvertedLO thermalnoiseis described.Fi-
nally, theeffectsof A/D hysteresisindtiming skew onthecorrelatorgainarecharacterized.
Within thetreatmenbf eachsystemati@rror, somedesignsuggestionthatmitigatetheer-

ror in apolarimetricradiometelarediscussed.

2.3.1 SamplerOffsets

Thresholdevel asymmetriesn the correlatorA/D corvertersproducesystematierrorsin

the varianceand correlationmeasurementsWhen extremeaccuray is not required,the

23



h(v)
11
'Yth .
|
EERZ 0 3‘ < Vs Y
. th
- 1

Figure2.7: Transferfunctionof three-lerel A/D corverterwith thresholdoffsetw;.

effectsof theserelatively small DC biasescanbe neglected. However, for high accurag
applicationssuchasfoundin microwave polarimetryfor wind vectormeasuremengsym-
metric thresholdlevels causeattenuatiorand offset variationsthat requirecompensation.
An analysisis presentedherethatillustratesthe second-ordebehaior of biaseffectsand
leadsto asimpleanalyticalcorrectionwhich canbeincludedin theradiometercalibration.
Theidealthree-lerel A/D corverterhasthetransferfunction(2.9). Typically, there
canbeasmallDC voltageoffsetv;, atthe A/D input,whicheffectively causeshethreshold
levelsto be asymmetricaboutground. The normalizedthresholdasymmetryis definedas
da = s, /0w, . INCOrporatingthis offsetinto thetransferfunctionwe have (seeFigure2.7):

(

1 if v > (0a + 6a)0u,

h(v) =4 =1 ifv < (=0, + 64)00, (2.29)

0 otherwise
\

Therelations(2.10)and(2.11) canbe recomputedo revealthe effectsof thresholdevel
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offsets.For example thedigital correlationcoeficientbecomes:

Tab — Tab|p:0 +
p
o [ (00Ot 82,0000+ ), ) + 10000+ 80,00 (=00 + 5), )+
0

f(o-va(_ea + 6a)7 Ovb (eb + 6b)7 pl) + f(ava (_ea + 60,)7 Ovb(_eb + 6b)7 pl)] dp, (230)

Throughouthis analysist is assumedhatd, andd, aresmallwith respecto 6, andd, and

only first-ordertermsin ¢, andd, aresignificant.

2.3.1.1 Correlation channel

Thresholdevel asymmetriesvill causegainandoffsetperturbation®f thedigital correla-
tor output. We shaw herethatthegainerroris negligible if theinputcorrelationcoeficient
is small. In contrastthe offseterroris foundto be an orderof magnituddargerthanthe
gainerror This correlationoffset,however, is parameterized termsof thethresholdevel
offsetandmaybe compensatetly calibrationusingtwo unpolarizedstandards.

The correlatoroffset error arisesfrom the constantof integrationin (2.30). This
constantvasnot explicitly showvn in (2.18)becauseadeallyit is zero;however, thethresh-
old level offsetscauseit to becomenon-zero. The constantof integration r4|,_, canbe
evaluatedby takingthe expectedvalueof (2.11)with p = 0 andusingthe modifieddefini-
tion of h(v):

Tablp=o = (P (va) W' (v))] =0 (2.31)

Clearly, wheneitherthresholdevel is ideal (thatis, é, = 0) thistermvanishesA shiftin
boththresholdlevels, however, causeghe offseterrorto becomenon-zero.The expected
valuemay be separatedhto a productof two expectedvaluesbecause,, andv, arestatis-
tically independentvhenp = 0. If thethresholdlevelsfor channels: andb areoffsetby

d, andd,, respectrely, thentheresultingoffsetin correlationis

Tabljmg = [1 = @(—0a + 85) — P(6s + 00)] [1 — D(—0p + 0p) — P(6) + )] (2.32)
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Assumingd, andd, are small allows the above to be approximatedusing Taylor series

expansionabout+d, and+6,. Thefirsttermin the productis

1—®(—0, +6,) — PO, + ) =

_ L2 1 1 /2 _1p2) o 3
1 [@(Ga)+2\/;e 8a 4\/; 0.6; + O (7)
o)+ 2y 2eb2s, 1 L 2otz 52 10 (88
[@( Ga)+2\/;e 5a+4\/;e 0.0 + O (63)
=—\/§e—%"36 +0(8)
T ¢ ¢

The §2 termscancelleaving an odd valuedfunction. The O(4,) behaior of the above

(2.33)

makesthethresholdasymmetnasignificantsourceof error Theseconderm,theb channel

contrikution, is identicalto the above. The constantof integrationis the productof these

two terms:
_ 2 —%025 53 2 —%035 53
aleo = |~ 2e 800+ (8)] |-y 2e %0+ (3) o
2.34
— 2g.0,exp [—% (02 + 9,?)] 75+ O (8,62, 6,59)
n
where
8a Op
Ty = <a0—b> (235)

The thresholdasymmetriesffect the digital correlationoffsetby an amountproportional
to thenormalizedoffsetproductrs. Expressedisingvoltages,
s = —0a%% (2.36)
Uthg Uth,,

The above threshold-ofset productis a slowly time varying hardware constant. As will
be shawn in Section4.2, the threshold-ofset productcanbe estimatedusinga traditional
two-look unpolarizedcalibration.

Thecorrelatorgainis foundby expandingtheintegrandof (2.30)in athree-dimen-

sionalpowerseriesin p', d, anddy, thenintegratingthe resultingexpansionwith respecto
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0. Thealgebranvolved(seeAppendixC) is cumbersomealthoughthedigital correlation
coeficient can be expressedas a sum of two series. The first seriesrq|;, _s5,—o IS the
ideal relationshipbetweenp andr givenin (2.18). The secondseriesis an error series

67a5(8a, 8, p) causedy nonzerathresholdoffsetsd, andd,. Thus,

2 1
Tab = Tab|p:0 + Tab|5a:5b:0 -+ ; exp |:—§ (92 + 03)] X

L) 0 (1) ]+ S (1 - 282) (1 - 269) 4

~ (682461 +3) (1= 6) 82+ (1 - 62) (68 + 65 +3) 80)5°| + O (")
(2.37)

The above seriesis truncatedat O(p*) and O(43). Assumingthatthe nominalthreshold

levelsareequalto the optimalvalued, = 0.61, theerrorseriesbecomes
07 ab (04, 0, p) 2 —0.3140 (82 + 6;) p + 0.01646,8,p° + —0.5621 (67 + 6;) p*  (2.38)

The error seriesis a sumof componentghatare O(62p), O(6%p?), and O(42p*), respec-
tively. To determinewhich component®f the error seriesaresignificant,we assumehat

p = 0.1 andd, ~ O (8). Themagnitude®f thethreecomponentbecome

—0.3140 (67 + 6;) p =~ 0.0445?
0.01648,0,p° ~ 0.00016462

—0.5621 (82 + &;) p* = 0.000796”

To rendertheseerror termsinsignificant,the magnitudeof §2 mustbe suficiently small.
Usingthecriterionthatall errors< 10~ arenegligible, thethresholdoffsetsshouldbe no
largerthan10~2, in otherwords,vs, < 1020, . Thisis readily attainableusingprecision
electronicsfor ,, ~ 0.5 V. If thresholdoffsetsare not small enough,then the offsets
shouldat leastbe controlledto renderinsignificantthe higherorderterms(e.g.,p?, p®. . .).
For this lattercaseijt is sufficientfor v5, < 10~'g,,_, which causeshe magnitudeof the p*

termto be < 10~°. Theremainingerroris linearin p andcanbe modeledasan effective
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changen the correlatorgain:

Tab = Tab|p:0 +

2 exp [_% (92+9§)] (1 e e (-6) 55]) p+0(,8) (239)

Typically the thresholdoffsetsaresmallenoughsothatthe gain perturbations a few per

centor less.

2.3.1.2 Total-power channel

Theeffectof thresholdasymmetryonthetotal-poverchannelss anadditionalsystemgain
andoffsetalongwith aresidualnonlinearitythatwill be shovn to be neggligible. Consider

the expectedvalueof thetotal-pover output:

(B2) = ® (s +60) + 1 — @ (0 + d0) (2.40)

o4

This expressionis simply an extensionof (2.12), but includesthe thresholdasymmetry

Theabove canbeapproximatedn ¢, as

(=00 +1-00)+ 5[ 2ems06) ey

Similar to the correlationchannel the expectedvalue of the total-paver channelis a sum
of theideal outputandan additionalerror series.We cannow show thatpart of the error
seriescanbecombinedwith theideal outputto computea modifiedsystemgainandoffset,
with theresidualcomponenbeinginsignificant.If all functionsof 6, areapproximatedy

apower seriesexpansion

D(—0,)+1—®(f,) =1- \/gea + é\/gag +0(62) (2.42)

2 1
e lal? =1 — 50a + 0 (62) (2.43)
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then(2.40)canbewritten
2o, -t v 0 (62)| 62+ O (62)
(e 2 o7 o7 o7 o7

2 1 /2 1
2 = 1_\/ia _\/i3 5 z
(32) [ We +e 7TeaJrO(ea) 5\ -
2 1 1 /2 3
=1—=4/2(1=262 21 = 25%2) 03 5 ¢4
\/;< 26“>0“+6\/;< 25“>9“+0(9“’5“)
1 2 1 /2 1 1 /2
=({1—-=62)|1—4/= s 5 _2__\ﬁ23 4
( 26“” \/;Q“JFG\/;Q“JFO(Q“) 5% = g\ 7 0ala 0 (%)

1 e 1 1 /2
— (1-52) Eama+ 322 - Lo @)

+

(2.44)

Thereis againtermaffectingthetotal-paver channeloutputby a factorof (1 — %63) and
an offset of approximately%éﬁ. This additionalsystemgain andoffsetis easilyidentified

via a standardwo-look calibration. Thenonlinearresidualis

L 25203 1
6\/;5a0a+0(5a). (2.45)

Assumingthe optimal value for the thresholdlevels (8, = 0.61), the above residualis
foundto be~ 107262, If §, < 0.02, thenthe nonlinearresidualtermbecomes< 1072,

whichis insignificant.

2.3.2 Input Correlation Offset

Any correlatechoisein thelF signalswill causeanunwantedcorrelationoffsetatthedigital
correlatorinputs.If thedigital polarimetricradiometewutilizesadualchannereceverwith
acommonlocal oscillator(LO), downcorvertedLO noisein bothIF signalswill behighly
correlated.Thephasenoiseof the LO couldalsoaffecta correlationbias;however, thelow
frequeny cutoff of IF bandds generallyhighenoughsothatthephasenoiseis significantly
smallerthan the downcorvertedthermalnoise. Systemswith LOs that have high noise
temperaturessuchas Gunndiode oscillators,andthosewith singlediode mixerswill be
mostsusceptiblego the downcorvertednoise. To study the magnitudeof this effect, the

noisesignalmodelin Figure2.8is usedin the calculationof the correlationcoeficient.
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Figure2.8: Noisemodelfor dualchannelsingleLO, superheterodyneecever. Theinput
referredRF noisesignalsngr ,(t) cos(wrrt) andnrrs () cos(wrrt) areuncorrelatedThe
systemvoltagegainsarerepresentetdy /G, and+/G,. Thelocal oscillatorthermalnoise
nro(t) cos(wrrt) andsignalcos(wrot) aremodeledby commonsourceswhich aresplit
equallybetweerboth channelsThe outputssignalsv,(t) andv,(t) arethe downcorverted
sumsof the RF signals,RF noise,andLO thermalnoise.
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ThelF signalsu,(t), @« = a or b, atthemixeroutputcanbedescribedy

1
Va(t) = [VRFa(t) + nRFa(t)] VGa + nro(t Trooim (2.46)

wherewvgr,(t) is the signal at the antennaoutput, ngr, () is the input referredsystem
noise(excludingthe LO noise),/G,, is the RF voltagegain, nzo(t) is the LO noise,and
Lio_rr isthecornversionlossfrom the LO to IF pathsof the mixer. A first approximation
of L;o_rr is theproductof the LO-to-RFisolationandthe RF-to-IF corversionlossof the
mixer. Thecorrelationcoeficient of theIF signalsis

_ (va(t)ve(1))

o O-Uao-vb
(VrRFa(t)vrREp(t) VGuGy + 02,

Oy, O,

(2.47)

LLo IF

whereos,,, , is theRMS voltageof the LO noisesignal. Or in termsof noiseandbrightness

temperatures is

_ 5Tunty + Tro/ (Lro-17vVGaGh)

(2.48)
VvV Tsys,aTsys,b
whereTr,o is thenoisetemperaturef the LO. Thecorrelationbiasis identifiedas:
T Lio_1rV GG
_ LO/( LO-IF b) (2.49)

vV Tsys,aTsys,b

To illustratethe magnitudeof py, considertwo examples.For a systemwith a mixer front-

end:

Tro = 30,000 K (~20dB ENR)
LLO—IF = 500 (27 dB)
G, =1

Tyys.0 = 500 K

Usingthesevalues the correlationbiaspy, = 0.12. If LNAs areplacedbeforethe mixers,
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thentypical systemparametersnight be

Tro = 30,000 K (~20dB ENR)
Lio_rr = 500 (27dB)
G, = 100 (20dB)
Tyys.0 = 200 K

In this casethe correlationbiasp, = 0.003 andis greatlyreducedby the additionof the
LNAs.

Othertechniquesin additionto front-endLNAs, canbeutilizedto reducehecorre-
lation bias. For example,in a balancednixerthe LO andIF portsarewell isolated,which
greatlyreduceghe amountof down-corvertedLO thermalnoiseat the IF output[10, p.
866]. If furtherreductionis neededthe LO thermalnoisein eachchannelcanbereduced
by placingattenuatorsn eacharm of the dual outputLO at the expenseof LO power. A
third, andalmostcertain,methodis to usetwo separatd.Os phase-lockdto a singleref-
erence. Sincethermalnoisesignalsgeneratedy two differentsourcesare uncorrelated,
therewill beno correlationbiascausedy the downcorvertedLO noise.

It is not, however, necessaryo completelyeliminatep, providedthatin-situ radio-
metric calibrationis available. In this casethe offsetcanbe identifiedby presentingo the
systeman uncorrelatednput stimulussuchasa view of an unpolarizedblackbodytarget
or cold spacgseeSectiond.2). The correlationbias,however, shouldbereducedasmuch
aspossibleusingthe methodsdescribedibore sothatthevalueof p will remainwithin the

rangeof validity of (2.20).

2.3.3 SamplerHysteresisand Timing Skew

Analog-to-digitalcorverter hysteresisactsto reducethe correlationoutputby an amount
proportionato themagnitudeof thehysteresisThis effecthasbeermodeledy D’Addario,
et al. [12] assumingauniformly distributedregion of uncertaintyaboutthe nominalthresh-

old. However, this statisticalmodelunderestimatethe attenuatioreffect, becausehe hys-
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Figure2.9: Transferfunction of three-level A/D converterwith hysteresisnagnitudevy,,.

teresigs treatedasa uniformly distributedregion centeredaboutthe thresholdevel. More

precisely hysteresiss a nonstationaryprocessn which the currentthresholdlevel is de-

pendenuponthe previousvalueof theinput signal. To make moreaccurateassessmeraf

hysteresisa Monte-Carlosimulatorwasconstructedo demonstraté¢he effect on the gain

of thecorrelationchannel.Thesimulatoris baseduponanA/D corvertertransferfunction:

h(v(nT))

(

1

-1

-1

0

\

(nT) > Vs, + Viys.a AND hlv((n
(nT) >  Vth, — Vhys,e AND hlv((n
if v(nT) < —vs, + Vhys,a AND hlv((n
(nT) < —vtn, — Vnys,o AND hlv((n

otherwise

T)]
1T)]
T)]

)T)

1)T)]

A1,
=1,
=—-1, (2.50)
£ —

L,

wherewy,, o, IS the hysteresissoltage. The transferfunction is graphicallyillustratedin

Figure2.9. Input correlationcoeficientsin therange—0.1 < p < 0.1 weretestedwith

varying levels of hysteresis.In Figure2.10,the correlatoroutputr,, is plottedfor values

of hysteresisn therange0 < vpys /0y, < 0.333. The computedrelative attenuatioron
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Figure2.10: Thereductionin the digital correlatoroutputasa function of hysteresiam-
plitude. Theresultsof the Monte-Carlomodel(solid line with opencircles)showvs thatthe
statisticaimodel[12] (solid line) underestimateghe effect.

ra dueto the hysteresiss practicallyindependendf p for this region. The resultsof the
statisticalmodelof [12] for the sameconditionsarealsoplotted. Comparedo the Monte-
Carlo simulations the statisticalmodelappeargo underestimatéhe attenuatioreffect by
afactorof ~10atvpys o/ 0w, = 0.1.

Accordingto the simulation, hysteresishasa discernibleeffect on the correlator
output. A reductionin correlatorgain of 1% is causedby a hysteresis/oltageequalto
2% of the RMS signalvoltage. For a 0 dBm signalinto 50 €2, a hysteresis/oltageof 4.4
mV would causethis. Caremustbe takento designthe A/D corvertercircuitry without
significanthysteresis. Alternatively, a-priori correctionusing a polarimetric calibration
systemor preciseknowledgeof the hysteresigevelsmustbe performed.

Timing skew betweerthe A/D corvertersor (equivalently) additionaldelayin one

of the RF or IF pathshasa similar effect of reducingthe correlatoroutput. The baseband
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signalsatthe correlatorinput canbe modeledby

Va(t) = v (t) + ve(t) (2.51)
vp(t) = vp (t — At) + v.(t — At) (2.52)

wherev?(t), v (t), andv.(t) aremutually uncorrelatecandwide-sensestationaryand At
is anadditionalpathdelayor timing skew. If v.(¢) is bandlimitedthenthecross-correlation

functionis:
Ry, v, (At) = poy, 0y, SINQ 27 BAY) (2.53)

where B is the bandwidthor bandlimiting cutoff frequeng of v.(¢), and the function
sindz) £ 22 Timing skew will reducethe measurectorrelationcoeficient. For ex-
ample,a 1% reductionwould be causediy At = 0.039B~!. For a 500 MHz bandwidth,

this correspond$o At = 78 psor ~ 24 mm of free-spacgathdelay

2.4 Digital Correlation Hardware

The digital correlatorhardware includesthree modules: the high-speedcorrelators,the
clock module,andthe counter/interhcemodule. The high-speeccorrelatorsprocesshe
eight 500 MHz IF channelpairs by performingsignal sampling,quantization,multipli-
cation, and accumulation. The operationsof the correlatorsare controlledby the clock
module output. The clock module generates 1000 MHz clock signal for input to the
correlators. The clock signalis outputin controlled16.8 ms burststhat are initiated by
computer Whena 16.8 ms pulsetrain is completeda computerreadsthe correlatorout-
putsfrom the counter/interhicemoduleandtheninitiatesa new correlationsequence.
Thefour correlatormoduleseachcontaintwo identicalcorrelatorcircuitsfor atotal
of eightcorrelators.A photograptof a digital correlatormoduleis shavn in Figure2.11.
Eachcorrelatorcompriseghreefunctionalblocks:the A/D corvertersthemultipliers,and

the accumulators.The high-speedA/D corvertersaredual window comparatoryielding
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Figure2.11: Photograplof a digital correlatormodule. The PSRcontainsfour of these
modulesandeachmodulehastwo correlatorcircuits.

threelevelsof quantizationata 1 GS/srate. The comparatothresholdevelsaredynami-
cally adjustedo trackslowly-varyingdrifts in IF signalpower. Thresholdevel adjustment
usingeight-bitD/A corvertersprovides(for Gaussiarsignals)a48dB A/D corverterinput
dynamicrange. Limiting the operatingdynamicrangeto approximately30 dB, however,
by settinga minimum allowablethresholdlievel ensures goodsignal-to-noiseatio. The
typical thresholdlevel is ~0.3 V. The total-pover of anindividual channelis measured
by countingthe numberof timesthe input signal exceedseitherthe positive or negative
thresholdlevelsasin (2.10). This operationis achiezed by NANDing the dual compara-
tor'scomplemenbutputs.Thecorrelationcoeficientis similarly determinedy separately
countingthe numberof positive and negative correlationcounts. The productsrequired
for the correlationoperationareformedusingtwo NAND andfour AND gates.A total of
eight AND/NAND gatescomposehe entirethree-level multiplier circuitry. The outputs

of thedigital multiplier areaccumulatedn four 24-bit counters.The counterinput stages
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Figure2.12: Photograplof the clock control anddistribution module,the centralcompo-
nentof thedigital correlationsystem.

are high-spee-bit ECL ripple counters.The outputsfrom thesecountersare carriedto
16-bit TTL countersn the counter/interhcemodule. The systemclock (generatedy the
clockmodule)is recevedby an ECL recever buffer andfurtherdistributedthroughouthe
correlatorcircuitry. A differentialclock pairis sentto eachof thefour countersandthetwo
A/D corverters.Programmabléelaychipsareusedto synchronizehe clock signalswith
the digital multiplier signals. The delaychipsare programmedvith dip switchesandare
capableof 128differentlevelsof delaydistributedin ~20 pssteps.

A photographof the clock moduleis showvn in Figure2.12. The clock signalis
generatedy a 2000MHz voltagecontrolledoscillator (VCO). The outputof the VCO is
attenuatedy a 3 dB T-network attenuatoandcapacitvely coupledto a+2 ECL counter
Theinputto theECL chipis biasedby the counters referencevoltageoutput,which brings
the 2000MHz sinewave into ECL input voltagerange. The outputof the +2 counteris

a 50% duty cycle 1000MHz ECL squarewave. The counteroutput,or the clock signal,
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is then gatedand sentto a 24-bit counter The 24-bit counteris realizedusingthree 8-

bit countersn series.After aresetis sentto the 24-bit counter the clock gateis enabled,
whichallowstheclock signalto incrementhecounter Whenthecarrybits of thetwo most
significant8-bit countersaresenthigh, the 24-bitcounteratchesgtself andtheclock gateat

acountof (22 — 256). Thegatedclock signalis alsodistributedto the correlatormodules
usingan ECL clock buffer/distribution chip with the differentialoutputstransmittedover

coaxialcables.

The clock module and high-speedcorrelatorsare fabricatedusing discretehigh-
speedemittercoupledlogic (ECL) componentswhich are surfacemountedon six layer
PCboards.The ECL discretdogic chipsaremountedo thetop layer. Thetop andbottom
layersof the circuit boardshold the microstripinterconnectsBoth 50 €2 terminationchip
resistorsand0.01uF chip capacitorgor power filtering aresurface-mountedn thebottom
layer. Via holestransmitsignalsandcurrentfrom thetop to the bottomlayers.The middle
layersareheary 2 ouncecopperplanes:groundplanesonthe 2ndand5th layers,and-5.2
V and-2V powersupplyplanesaresandwichedn themiddle. Plated-througlvia holesare
usedto supplypowerandgroundconnectionso thetop andbottomlayersfrom thesenter-
nallayers.Becausef the high-speedignalsandthe possibility of their radiationfrom the
circuit boards aluminumenclosuresveremachinedo containthe boards.Theenclosures
include conductve stand-ofs on which to mountthe circuit boards. The mountingholes
on the boardswhereplatedthroughandconnectedo the groundplanesto ensurea good
electricalconnectiorbetweerthecircuit andenclosureDigital ECL signalscarriedoff the
clock boardto othermodulesare transmittedin differential pairs on two coaxial cables.
ThereareSMA connectorsnountedo thealuminumenclosureso which thesecablesare
connected.The TTL outputsignalsproducedby the correlatormodulesare transmitted
overtwistedpair ribboncableso the counter/interhcemodule.

The counter/interhicemodulehaseight TTL counterboards,eachcontainingfour
16-bit counterghat aretriggeredby the outputsignalsfrom the correlatormodules.Pho-

tographsof the TTL counterboardsareshown in Figure2.13. Thesecountersareoperated
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Figure2.13: TTL counter/interhceboardsandribboncablebus.
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in free-runningasynchronousode. The outputsof the countersare organizedinto high-

andlow-bytesby 2-to-1 multiplexerswith tri-stateoutputs. The tri-stateoutputsare con-
nectedin parallelto an eight-bit databus, which allows the high- or low-bytesof any of

the 32 counterqfour countergperboardon the eightboards)o bereadby the PCwith an

eight-bitinput port. A six-bit addressllows the scanheadomputerto selectary of these
64 bytes. The addresss organizedwith threebits for the boardaddresstwo bits for the
counteraddressandl1 bit for the high- or low-byteaddressThe counter/interhcemodule
busis aflat ribboncablewith locking connectors.

In additionto the counterandinterfacecircuitry, the thresholdevel generatorgor
the correlatorA/D cornvertersresideon the TTL counterboards.A thresholdlevel gener
atorincludesa dual eight-bit D/A corverterand buffering andinverting op-ampswhich
generatehe positive andnegative thresholdvoltages.Any of theeight D/A corverterscan
beselectedy usingthethree-bitboardaddressThedesireddatais placedon anadditional
eight-bitbus, which is connectedo the inputsof all eight D/A corverters. By triggering
alatchenableline, the datais loadedinto the appropriateD/A corverterasdeterminedy
the 3-bit boardaddress.

Thesethreemodulestogethercomposehe digital correlationsystemfor detecting
the first three Stokes parameterdor the four differentradiometerands. Becauseof the
large numberof discreteECL devicesused,the power consumptions ~100W. The cor
relation system,alongwith the supportinglF system,occupies~30% of the spaceused
within the scanheadTable 2.1 lists the theoreticaland practicalsensitvities for the PSR
X-band,Ka subband-landKa subband-aligital correlationpolarimeters.The measured
sensitvities wereestimatedy computingthe standardieviation of a samplesetof bright-
nesstemperaturedata. In generalthe actualsensitvities are ~2 timesthe fundamental
limits. Theincreasedoiseis attributedto RF and IF amplifier gain fluctuations(dueto

aircraftvibrations)andpossiblybit-errorsin the multiplicationandaccumulatingircuitry.

40



Table2.1: Sensitvities of the PSRDigital CorrelationPolarimeters.

Channel Theoretical Measured

X-v 0.48 0.89
X-h 0.48 2.05
X-U 0.43 0.77
Ka;-v 0.54 1.08
Ka;-h 0.54 1.10
Ka;-U 0.60 1.39
Kag-v 0.54 1.15
Kag-h 0.54 1.06
Kag-U 0.60 0.74

2.5 Discussion

The designtechniquesand correlatorhardware describedcherewere usedin the airborne
scanningpolarimeterdescribedn Chapter3. Otherpolarimetertopologiesare available
suchasthe analogcorrelatorbasedpolarimeteror the additive polarimeter Suchsystems,
however, can exhibit Stokes parametemixing that is not easily identifiable without so-
phisticatedcalibrationtechniqueg20]. On the contrary the digital polarimeteyif built to
the properdesignspecificationshasthe distinctadvantageof negligible Stokesparameter
cross-couplingandaffordsin-flight periodiccalibration(seeChapter4) of all polarimetric
channeparameters.

Becausef therelatively wide bandwidthgequiredfor earthremotesensingappli-
cations(typically tensto thousandf MHz), the digital correlatorhasnot beenconsidered
for usein spaceuntil recently With the advent of high-speedadiation-hardenedigi-
tal logic, bandwidthsof hundredsof MHz have now becomerealizablein sensitve, short
integration-time,digital correlatingradiometers.For example,a mixed-signalintegrated
circuit or multichip-modulewith theradiationhardene®F, IF, andCMOSdigital subsys-
temscould be readily developedfor spaceborngolarimetry The successfutlesignand
demonstratiorof this digital correlationpolarimetersuggesthatsucha pursuitbe under
taken.
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CHAPTER 3

Polarimetric ScanningRadiometer

A descriptionof the PolarimetricScanningRadiometel(PSR)hardware,dataprocessing,
andthe LabradorSeaexperimentare presentedn this chapter The PSRis an airborne
microwave imagingradiometerdevelopedto obtainpolarimetricmicrovave emissionim-
agery of the ocean. The two-axis gimbal positionerprovides conical, cross-track,and
fixed-anglestarescanmodes.The PSR polarimetricradiometersvere the first to utilize
direct digital correlationfor third Stokes parametedetection. During the LabradorSea
experiment,the PSRwasusedto obtainthe first high-resolution(~1 km) multiband,po-
larimetric, conically-scannednicrowave imageryof the oceansurface. The obsenations
revealthe presenc®f botha systematiavind directionsignatureanda naturalgeophysical

variability in the microvave emissionovertheocean.

3.1 Polarimetric ScanningRadiometer

The PolarimetricScanningRadiometer(PSR)is a versatileairborneimaging radiometer
developedfor the primary purposeof obtainingpolarimetricmicrowave emissionimagery

of theocean. Thedesignof thePSRis basediponthefollowing setof scientificobjectives:

e Radiometricobjecties

— Frequeng coveragefrom X- to W-bands

ThePSRasusedin thisthesiswasdesignedandbuilt by theauthor Prof. A.J. Gasiavski, with assistance
from the following individuals: C. Campbell E. Panning,E. Thayer P. ChauhanandM. Klein (of Geogia
Tech);J. Baloun,M. Tucker, andB. Davidson(of Raytheon)andD. Brown (of GTRI).



— Polarimetriccapability(atleastTy;)
e Imagingobjectves

— Scanmodes:conical,cross-tracknadir stareandsky view

— Field of view: nadirto 70° with full fore andaft views

— Spatialresolution:100to 1500meters(dependingpn altitude)
— Pointingknowledge: < 0.1° in elevation, < 0.5° in azimuth

In additionto the requirementsntroducedby the scientificobjectives,the following engi-

neeringconstraintsverealsoconsideredn the design:
e Aircraft platforms

— NASA/DFRCDC-8 (smallestervelope)
— NASA/WFF P-3B (first flights)

— NASA/DFRCER-2(possibleadaptation)
e Aerodynamicandenvironmentalconditions

— Dynamicpressure~ 570psf maximum
— Ambienttemperatureangefrom -40° to +40° C

— Condensingandmoistatmosphere

The PSRdesigneffort resultedn atwo-axisgimbalpositionerwith theradiometer
hardware containednsidea moving scanheadThe scanheadhousedour tri-polarimetric
(firstthreeStokesparametersnicrovaveradiometersthedatasystemandavideocamera.
The scanheadan be positionedso that the radiometerscan view ary anglewithin 70°
elevation of nadir at any azimuthalangle,aswell asexternalhot andambientcalibration
targets. This configurationsupportsfull conical (primary mode),cross-trackand fixed-

anglestarescanmodes.
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Figure3.1: ThePSRsituatedn thesupportstand.ThestandholdsthePSRatthehorizontal
mountingplate.

44



Figure3.2: PSRscanheadhstalledin the NASA P-3. Thethreelensesvisible ontheface-
plateare,in decreasingize,the X/Ka dual-bandK-band,andW-bandantennaapertures,
respectely.

The full positionerandscanheadreshowvn in Figure3.1. In this photograptthe
PSRis sitting in its standthatis usedfor storagewhennot installedon the aircraft. The
standsupportsthe PSR at its horizontalmountingplate. Wheninstalledin the aircraft,
the horizontalplate is mountedflush with the aircraft body. Below the horizontalplate,
approximatelyone half of the scanheads exposedto the slip stream. This protrusion
allowstheradiometersinunoccludedriew of thescenego ~70° from nadir. A photograph
of the scanheads displayedin Figure3.2. All electricalpower andsignalsgoingto and
from the scanheadhre transmittedthroughslip rings on both axes. The slip rings allow
unrestrictecangularmotionof the scanheadboutits azimuthandelevationaxes.

The elevation axis of the scanheads connectedo a large 76 cm (30 inch) diam-
eterring bearing,which is mountedto the horizontalplate. The ring bearingassemblyis

designedo withstandthe horizontalloadingdueto windageandaircraftaccelerationThe
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scanheadk attachedo theazimuthaxisby ayoke-like mount,whichis alsoattachedo the

innerraceof thering bearing.Above the horizontalplateis the vertical supportstructure,
which bearsthe vertical load of the azimuthaldrive motor, calibrationtargets,andyoke.

Theload of the yoke andscanheads distributedto the structurethroughthe ring bearing
andanadditionalupperbearinglocatedat the top of the azimuthaxis. Within the vertical

supportstructurearethe ambientand heatedcalibrationloads. The loadsare mountedto

theforeandaft walls of thestructure. Thescanheadntennasiew thetargetswhenpointed
eitherfore or aft andat45° above the horizontalplane.

All of the PSRcomponentareplacedout of theaircraftslip streamgxceptfor the
bottom half of the scanhead.To reducethe dynamicpressurdo ~30% of its freestream
value,a perforatedenceis attachedo the aircraftin front of the scanheadThis arrange-
ment greatly reducesthe drag on the scanheadyvhich also reducesthe requiredmotor
torque. The P-3integrationis completedby an experimenters-bay (actually the bomb-
bay)faringthatreplaceghe baydoors.The PSRandfaringareshavn installedon the P-3

in Figure3.3.

3.1.1 Microwaveand IF systems

The four microwave radiometersoperatein the X (10.7 GHz), K (18.7 GHz), Ka (37.0
GHz), and W (89.0 GHz) frequeng band$. The typical radiometercomprisesa dual
polarizationantennaadualchannekuperheterodynecever, IF amplifiersandsquare-lav
detectorwith videoamplifiers.Thereareeightanalogradiometeoutputscorrespondingo
4 bandsx 2 polarizations.The IF amplifiersalsohave outputsthatareconnectedo thelF
processingandhigh-speedligital correlationsystemfor third Stokes parametedetection
aswell asdual-polarizatiortotal power detection.In the IF processingstage the IF bands
of the 37 and89 GHz systemsare sub-dvidedinto six 500 MHz subbandsincludingthe
10.7and18.7GHz systemghereareatotal of 24 digital radiometeoutputscorresponding

to 8 subbandx 3 StokesparametersTable3.1liststhecharacteristicgor eachof thefour

2The W-bandradiometeoperatednly for thetransitflight from WFF to the LabradorSea.
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Figure3.3: ThePSRandbomb-bayfaringinstalledonthe NASA P-3.
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Table3.1: PSRRadiometefSpecifications.

Band X K Ka W
Frequenyg (GHz) 10.4-10.8 18.4-19.0 36-38 86-92
Recevertype SSB/HEMT SSB/HEMT DSB/LO DSB/LO
IF bandwidth(MHz) 250 500 1000 2000
Recevertemp.(K) 1000 350 800 800
Sensitvity (K) for
8 msintegration 0.7 0.18 0.28 0.18
3-dB beamwidth 8° 8 2.3 2.3
3-dB spotsize(km)
at5 km altitude:
nadir 0.70 0.70 0.20 0.20
53 incidence 1.1x1.9 11x19 0.32x 0.55 0.32x 0.55

radiometers.

The antennador the four radiometersystemscan be seenin the photographof
the scanheadaceplatein Figure 3.4. The X- and Ka-bandsystemssharea dual-band,
dual-polarizationantenna.The X-bandortho-modetransducefOMT) is a turnstyletype
waveguidejunctionandhasexternalcoaxialcableandstriplinesignalcombining,while the
Ka-bandOMT is athru-andside-portwaveguidestructure Singlebandantennasvith thru-
andside-portOMTs areusedfor the K- andW-bandsystems.To compensatéor therela-
tively smallfocal lengths(f /D ~ 1) requiredto fit the variousantennasn the scanhead,
eachantennahasa dielectriclensthatincreaseshe beamefficiengy to 290%. Thelenses
have concentridnsidegroovesfor impedancenatchingandalsosene asaerodynamically-
shapedhysicalbarriersbetweerthe outsideair andthe feedhorncavities.

Connectedo theantennaDMT outputportsarethefour dual-channetadiometers.
The PSRradiometersare baseduponthe prototypicaldigital polarimeterasdiscussedn
Chapter2. The X-bandradiometeris a single-sidebandSSB) superheterodyneecever
with 20 dB gainlow noiseamplifiers(LNAs) and250 MHz band-pasélters (BPFs)in the
RF paths. The mixersare doublebalancedanddrivenby commonLO signalsgenerated

by a dielectricresonanbscillator (DRO). The LNAs, BPFs,mixers,andLO arediscrete
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Figure3.4: ThePSRantennasindradiometersnstalledonthefaceplatéeforeinstallation
into thescanhead.
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componentonnectedusing SMA adaptorsand coaxial cables. The mixer outputsare
connectedo IF amplifiermoduleswith built in square-lav detectorsaandvideo amplifiers.
The video amplifier voltageoutputis from 0-10V. Additional IF outputsare coupledoff
at~-20dBm power level andfed to the IF processinganddigital correlationsystem.The
IF and power detectioncomponentgiescribechereare alsoreplicatedin the otherthree
radiometers.

The K-bandradiometemuseswaveguide BPFsconnectedo the OMT outputs. Af-
ter thefirst filter stage the signalsarefed to LNAs andimagerejectfilters. The outputs
of the secondfilter stageare sentto single-diodewaveguide mixers,which aredriven by
a commonGunndiodeLO. The phaseof the LO signalsin the K-, Ka-, and W-bandra-
diometersanbeadjustedo accounfor phasalifferencesn theOMT armsandconnecting
waveguides. (A phaseshifteris not neededn the X-bandsystembecausef theinherent
symmetryof theturnstyleOMT.) The phaseshiftersareplacedin oneof thetwo LO paths
andwork by insertinga dielectriccardinto thewaveguide,thusincreasinghe phasedelay
throughthe waveguide. Unlike the X- andK-bandsystemsthe Ka- andW-bandradiome-
ters are basedon double-sidebandDSB) recevers with single diode mixer front-ends.
Precedinghe mixersarewaveguideisolators,which prevent LO leakagefrom the anten-
nas. Suchleakagehasbeenshavn to be a potentialcauseof radiometergain modulation
by reflectionfrom, e.g.,imperfectcalibrationtargets[36]. Like the K-band radiometey
the mixersaredrivenby a singleGunndiodeoscillatorandthe IF signalsareprocesseas
describedaborve.

Theintermediatdrequeny (IF) processingystemusesliF (L-bandandlower fre-
gueng) amplifierchainsandsubbandlivision hardwareto conditionthe IF outputsignals
of the four radiometerdor processingy the digital correlators. The IF amplifier chains
arerequiredto provide the necessary-5 dBm power to the digital correlators.The sub-
banddivisionhardwareis requiredbecause¢hecorrelatorhave aNyquistbandwidth< 500
MHz while the Ka- andW-bandIF signalshave morethan500MHz bandwidth.Referring
to Table 3.1, a total of 4000 MHz of radiometricbandwidthdistributed betweenthe four
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Figure3.5: The IF plate containsthe amplifiersandfilters that preparethe IF signalsfor
inputto thedigital correlators.

frequeny bandsis divided into eight 500 MHz subbandchannelpairs. The IF systems
were fabricatedusing standardconnectorizecamplifiers, mixers, oscillators,and attenu-
ators. All componentsvere connectedisingfemale-femaleSMA adaptorsor aluminum
cladsemi-rigidSMA coaxialcables.

The IF amplifier chainswere composef two discreteamplifiersanda low-pass
filter (LPF) (seeFigure 3.5). The first amplifier increaseghe -20 dBm signal from the
radiometerto ~ 0 dBm. A secondmedium-paver amplifier addsan additional10 dB of
gain. This secondamplifierhasa 1dB compressiomoint of ~ 12 dBm which s sufficient
for the correlatorinputs. Following the output of the secondamplifier stageis a 3 dB
attenuatoandLPF. TheLPF hasa1 dB cutoff of 450MHz, which ensureghatthereis no
significantsignalpowerabore 500MHz. A attenuators neededecaus¢hehighreflection
coeficient of the LPF above 500 MHz could make the precedingamplifier unstable With

theinsertionlossof the attenuatoandthefilter the power outputis ~ 5 dBm.

51



Figure3.6: IF subbandlivision hardware. This moduledemultiplexesthe 1000MHz IF of
theKa-bandradiometerandthe 2000MHz IF of the W-bandradiometeiinto six 500 MHz
sub-bands.

The subbanddivision hardware corverts the 1000 MHz IF bandof the 37 GHz
radiometerinto two 500 MHz sub-bandsand corvertsthe 2000 MHz IF bandof the 89
GHz radiometerinto four 500 MHz sub-bands.A photographof the subbanddivision
hardwareis shavn in Figure3.6. The Ka-bandsystemincludesa signalsplitter, mixerand
LO. ThelF outputof theKa-bandradiometeis sentto thesignalsplitter. Oneof thesplitter
outputsis connectedlirectly to anIF amplifierchain(asdescribedabore). Thefilter in the
IF chaintruncateghe IF bandwidthto includeonly thelower 500 MHz. The otheroutput
is mixedwith a 1000MHz LO signal. This operationreverseshe frequeng spectrumof
the 1000MHz IF band. The mixer outputis thensentto anIF chain,which amplifiesand
passeshe lower 500 MHz. Becauseof the frequeng inversionperformedby the mixer
circuit, this second500 MHz subbandcontainsthe contentof the upperhalf of the 1000

MHz Ka-bandradiometeioutput.
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Figure3.7: Thescanhead86 embeddedomputersystem.

3.1.2 Data Systemand Motion Control

Theanaloganddigital radiometeoutputsarereadandrecordedoy thedatasystemwhich
includesthreecomputers:onein the scanhea@ndtwo in the aircraft cabin. The main
computerin the cabinprovidesthe userinterface,massdatastorage and motion control.
The purposeof the scanheadomputeris to acquireradiometerdataandto control the
digital correlators.The secondarycabin PCis usedto controlandstorethe outputof the
calibrationloadtemperatureneasuremerdystem.Thethreecomputersarelinkedviaa 10
base-2ethernetandtime synchronizedo betterthan1 msecusinga single IRIG-B time
codesource.

The scanheadomputersystemis basedon anembeddedl86 PC runningthe MS-
DOSoperatingsystem.A photograplof the computeris shovn in Figure3.7. ThePChas

afour slot passve backplanearchitecturewith the following hardwarecomponents:

e 486singleboardcomputemnwith 8 MB RAM
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e PCMCIA adaptomwith

— 4 MB SRAM solid statedisk drive (SSDD)

— 10 base-Z2thernetadaptor
e |IRIG-B time coderecever
e Multi-function I/O card

— 24-bitdigital I/O interface

— 16 channell2-bit A/D corverterinterface

The configurationof thesecomponentss shown in Figure 3.8. The 486 computerboots
from the4 MB SSDD,which holdsthe disk andnetwork operatingsystems.Sixteenbits
of the digital I/O interfaceare usedfor the digital correlators. The remainingeight bits
areusedto addressandsetanalogoffsetlevel generatorsvhich areusedto shift the eight
analogradiometervideo outputsinto the input voltagerangeof the scanheadPC 12-bit
A/D corverter Threeof the remainingA/D corverterchannelsare usedto measurehe
temperaturevia thermistorsat threeplaceswithin the scanheadA fourth analoginputis
usedasarecever for a DC level shift signal,calledthe hardwaretrigger, thatis generated
by themotioncontroller

The scanheadPC runs a Pascaldata acquisitionprogram, the main function of
which is to operatethe correlatorsandacquireradiometerdata. The programs basicop-
erationis givenin Algorithm 1. Basic operationis asfollows: the computerreadsthe
radiometerdataand storesit to the RAM disk. The outputfrom the IRIG-B time code
recever is usedto time-stampall acquireddatato 1 msecresolution. If the radiometers
arenot pointingatthesceneor calibrationloads,thenhouseleepingdatais readandstored
aswell. Dataaretransferredrom the RAM disk to the cabinPC approximatelyevery 15
minutesor on commandof the uservia the hardwaretrigger. Secondaryfunctionsof the

Pascalprogramareto setthe digital correlatorthresholdlevels andthe analogradiometer
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Figure3.8: Block diagramof the scanheadatasystem.
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offsetvoltages.This operationis donea few minutesaftertake-off andgenerallydoesnot

needto berepeated.

Algorithm 1 Main functionof scanheadPC

loop
repeat
enablethe correlatorclock output
write the previous sampleddataontothe RAM disk
readthe analogradiometeidata
wait until correlatorcountingis complete
readthedigital correlatordata
if hardwaretriggerindicatesransitstatethen
readhouseleepingdata
storehouseleepingdata
endif
until RAM disk full
transferRAM disk datato cabinPCharddisk drive
endloop

Themainandsecondarygabincomputersaremountedn anequipmentackinside
the aircraft cabin.A graphicaluserinterface(GUI) waswritten in Microsoft Visual Basic
for Windows 3.11 andis run on the main computer The GUI allows the userto control
theradiometerdataacquisition;specify startandstopdifferentscanmodesandview both
houseleepingandradiometedatafiles. The secondargabincomputercontrolsandstores
datafrom the calibrationloadtemperatureneasuremergystem.

The motioncontrol systemis a microprocessebasedwo-axissteppemotor con-
troller with incrementalkencoderfeedback.The high-torquesteppemotorsaredriven by
microsteppingmotor amplifiersand have 135 N-m (100 ft-Ibf) outputtorque,which is
sufficient to accelerate¢he scanheadluring the scanningsequenceandto overcomethe
dragfrom the aircraft slip-stream.Additionally, the motorsare oil filled anddesignedo
withstanda condensingatmospherandtemperaturesangingfrom -40to +40°C. Theaz-
imuth motor hasa 29:1 gearheadintegratedinto the motor casing. A 1024 line optical
encoders drivenvia a 1:1 low backlashgearsetfor positionfeedback.An incremental

encodetinterfacethat operatesusingquadraturedecodingprovides 12-bitsor (0.088) of
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positionresolution. The elevation steppemotoralsohasan 11:1reductiongearheadand
usesanadditionalpair of externalgearsto rotatethe scanheadboutthe elevationaxis. An

additional1024line opticalencodeis directly drivenby the scanheadndprovideseleva-
tion positionfeedback.The encodersare equippedwith sealedbearingsandan extended
temperatur@angespecification.

The programmablenotor controlleris mountedin the maincabinPCandreceves
commandgrom the userthroughthe maincomputerGUI interface. Upon systemstartup,
several motion control programsare downloadedto the controller's memory Thesepro-
gramsareexecutedat the operators directionandincludecommandgor homingthe scan-
nerandstartingthedifferentscanmodes Homingthescanners achiezedby usingabsolute
positionmarksinternalto thetwo encodersThe motionsequence®r thetwo scanmodes
aredescribedn Algorithms 2 and 3. During the scanningsequencethe encodercounts
are continuouslyread,timestampedand storedon the hard disk by the main cabincom-
puter Thesedataareusedduring post-processingp determinethe pointing anglesof the
radiometers.

A final task of the motion controlleris to setthe voltageof the hardwaretrigger
signal thatis sentto the scanheaccomputer The hardware trigger is a DC signal that
specifieghe stateof the scanneduring the scansequencelor example,hardwaretrigger
tagsfor the hotandcold calibrationlooks areusedto extractthe calibrationmeasurements

from aradiometedatafile. Thedifferenthardwaretriggerstatesarelistedin Table3.2.

3.2 Data PostProcessing

The PSR dataprocessings divided into several levels designatedrom Level 1.0 data
throughLevel 2.3. Theinitial Level 1.0 dataarethe raw binary or ASCII files containing
datarecordedfrom different sourcessuchasthe analogand digital radiometersandthe
aircraft navigation system. The final dataLevel 2.3 containsfully calibratedradiometer

dataorganizedinto flight segments.The variousdatalevelsandthe processesequiredto
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Algorithm 2 ConicalScanningRoutine

resetmotionsystem
begin motion azimuth=- 180, elevation=- 45° {cold load}
hardwaretrigger < transit
loop
wait until scannemotioncomplete
hardwaretrigger< cold load
pause500ms
begin motion elevation=- scendook angle{typically 53.1° off nadir}
begin motion azimuth+ = 1.5revolutions{1 turnfor scene0.5for calibratior}
hardwaretrigger< transit
wait azimuth== 270 {startof scar}
hardwaretrigger<« fore-scan
wait azimuth==90" {midpointof scar}
hardwaretrigger< aft-scan
wait azimuth==270 {endof scar}
begin motion elevation=- 45° {calibrationlook angle
hardwaretrigger < transit
wait for motionto stop{azimuthnow at0° }
hardwaretrigger < hotload
pause500ms
begin motion azimuth=- 180 {moveto coldload}
hardwaretrigger < transit
endloop
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Algorithm 3 Cross-trackScanningRoutine

resetmotionsystem
begin motion azimuth=- 180, elevation=- 45° {cold load}
hardwaretrigger < transit
loop
wait until scannesstopsat cold load
hardwaretrigger< cold load
pause500ms
begin motion azimuth=- 9¢° {port sidelook}
hardwaretrigger < transit
wait azimuth==115 {almostto portlook}
begin motion elevation + = 0.75revolutions {0.5 turn for scene0.25for calibra-
tion}
wait elevation== 70" off nadir{startof scanlooking port}
hardwaretrigger < port-scan
wait elevation== nadir{midpointof scar}
hardwaretrigger< starboard-scan
wait elevation== 70" off nadir{endof scanlooking starboard
begin motion azimuth=- 0° {hotload}
hardwaretrigger < transit
wait for motionto stop
hardwaretrigger< hotload
pause500ms
begin motion azimuth=- 180 {moveto coldload}
hardwaretrigger < transit
endloop
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Table3.2: PSRmotionsystemhardwaretrigger states.

State Description Voltage(V)
0 stand-by 0.1
1 hotcalibrationlook 0.8
2 coldcalibrationlook 15
3 scannetransit(notsceneor calibrationdata) 2.2
4 fore-lookin conicalscan 2.6
5 aft-lookin conicalscan 3.3
6 portsideof cross-trackscan 4.1
7and8 homeposition 4.8and4.6
9 starboardsideof cross-trackscan 54
10 cold sky calibrationlook 6.2
11 nadirlook 6.9
12 resenedfor expansion 7.5
13 notused 8.3
14 terminatedataacquisitionsignal 9.1
15 systemin startupmode 9.9

move from eachlevel to the next aredescribedn this section.

Beforeprocessingall the aircraft sortiesare segmentednto a standardsetof ma-
neu\ers,serializedandrecordedn a maneuer flight catalog[19 AppendixL] 3. Eachcat-
alogentryis aspecificmaneuerassociateavith a serialnumberanddesignatedby a date,
rangeof times,anddescription.Typicalflight maneuersfor thecatalogentriesarestraight-
and-level flight, constantaltitudeturns,andascendinganddescendingspirals. The Level
1.0dataareseparatethto segmentsaccordingo serialnumberandall thedatastreamsare
compiledinto individual files (onefor eachsegment)thatcomposehelLevel 1.1data.The
Level 1.1 datais corvertedto Level 1.2 by linearizingthe total-pover digital radiometer
outputandregisteringall datastreamdo a commontime grid by interpolation.Level 1.2
datais corvertedto Level 1.3 by organizingthetime sequencedatainto rasterimages.A
rastenimageis amatrix with thescannumberalongonedimensiorandscansampleslong

theseconddimension.Therasterimagesareindexedalonga third dimensionaccordingo

3R. C. Lum of Geogia Techmeticulouslycomposedheflight catalogfor the LabradorSeaexperiment.

60



datatype (e.g.,radiometerchannel pitch, roll, timestampetc.). The digital datais quality
checledfor anomalousit-errors(spikes)during corversionfrom Level 1.3to Level 1.4.
Thestepfrom Level 1.4to Level 2.00r 2.1is thefirst major calibrationstep.Level
2.0 dataare calibratedbrightnesgemperaturegeneratedisingsingle scangainsand off-
sets. Level 2.1 dataare similar but calibratedusing Wienetfiltered gainsand offsets[2].
Thedigital correlatordataarealsolinearized,correctedfor offsets,andcorvertedto cali-
bratedthird Stokesparametebrightnessemperatured.evel 2.0and2.1dataarecorrected
for pitchandroll variationswhichresultsin Level 2.2and2.3data,respectiely. Level 2.3
is the highestquality level of PSRcalibratedbrightnesgsemperaturesvailable. Table3.3

liststhe differentdatatypesavailablein the Level 2.3 indexedrasterformat.

3.3 Pitch and Roll Correction

Deviationsin elevationandpolarizationrotationanglesfrom their nominalvalueswill in-
troduceunwantedperturbationsn the measuredtokesvector Suchdeviationsare con-
tinuously preseniandchangingthroughouta conicalscandueto variationsin the aircraft
attitude(i.e., pitch androll anglevariations). To facilitatethe interpretationof brightness
imagery it is advantageouso referencell brightnesdemperatureneasurementsbtained
during a conical scanin level flight to a constantelevation angle(e.g., the SSM/I nadir
angleof 53.7°). A first-ordercorrectioncan be madesuchthat the correctedbrightness

temperatures:

Ts(00) = Tp(0) — (0~ 00) 3.1)
6=>0¢

wheref, andf arethenominalandtrue elevationanglesyespectrely.

The elevationalsensitvity of brightnessemperaturdthe derivative d75/df) was
measuredsingthecross-traclscanmodeduringthespiralflight patternsoverthelLabrador
Sea. The spiralswere flown with a constantbank angleand the PSRradiometersvere

scannedcrosgheaircraftheading.This configurationproducedbdrightnessneasurements
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Table3.3: PSRLevel 2.3 datatypes.

2
2

Description

c
S
=
n

O~NO O A~ WDN P

X-band,V-pol, analogradiometer
X-band,H-pol, analogradiometer
K-band,V-pol, analogradiometer
K-band,H-pol, analogradiometer
Ka-band,V-pol, analogradiometer
Ka-band H-pol, analogradiometer
W-band,V-pol, analogradiometer
W-band,H-pol, analogradiometer

K
K
K
K
K
K
K
K
9 X-band,V-pol, digital radiometer K
10 X-band,H-pol, digital radiometer K
11 X-band,U-channeldigital radiometer K
12 K-band,V-pol, digital radiometer K
13 K-band,H-pol, digital radiometer K
14 K-band,U-channeldigital radiometer K
15 Ka-band,V-pol, digital radiometersubbandL K
16 Ka-bandH-pol, digital radiometersubbandL K
17 Ka-band,U-channeldigital radiometersubbandl. K
18-20| sameas15-17,exceptsubband® K
21 W-band,V-pol, digital radiometersubbandl K
22 W-band,H-pol, digital radiometersubbandL K
23 W-band,U-channeldigital radiometersubbandl. K
24-26 | sameas21-23,exceptsubband® K
27-29 | sameas21-23,exceptsubban® K
30-32 | sameas21-23,exceptsubband} K
33 azimuthencoder deg
34 elevationencoder deg
35 aircraftlatitude deg N
36 aircraftlongitude deg E
37 aircraftheading deg
38 pressuraltitude feet
39 GPSaltitude feet
40 aircraftpitch deg
41 aircraftroll degy
42 IRIG-B time stamp mspastmidnight
43 pointingazimuthangle deg
44 pointingnadirangle deg
45 polarizationrotation deg
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Table3.4: Elevationalbrightnessensitvitiesfor X- throughKa-bandst53.1° asmeasured
by PSRduringthe LabradorSeaexperiment.

Date | 3/3/97 3/4/97 3/7/97 3/9/97
Time (UTC) | 1515 1645 1630 1455

X-v 161 155 182 1.86
X-h -0.910 -0.809 -0.931 -0.919
K-v 150 142 176 1.82
K-h -0.843 -0.794 -0.933 -0.926
Ka-v 123 116 133 154

Ka-h -0.622 -0.412 -0.370 -0.642

for elevationanglesfrom nadirto ~70° incidence.For example,the March9, 1997 mea-
surementof T,, and T} versusf are plotted in Figures3.9-3.11. Thesemeasurements
weremadeat 1455UTC at an altitudeof ~450 m (1500ft). The elevationalsensitvities
of the brightnesgemperaturesit § = 53.1° for several representatie flights arelistedin
Table3.4.

Thethird Stokesparametetrs primarily sensitve to polarizationrotationratherthan
elevation anglevariations. Like T, andT},, Ty can be rotationally correctedusing the

appropriateermsfrom the polarizationbasistransform[8]:
Ty(a=0) = Ty(e) + (Th, — Ty) sin(—2a) (3.2)

whereq is the polarizationrotationangle.

Aircraft pitch androll variationsarethe primary sourceof elevationangleandpo-
larizationrotationdeviations. Samplerecordsof the P-3 pitch androll from 2014UTC on
March 4, 1997 asacquiredfrom the aircraft's ARINC 429 10 Hz datastreamare plotted
in Figure3.12. The ~0.3 pitch androll variationscan causebrightnesserturbationof
~0.3-0.6K. A pitch androll datacorrectionalgorithmwasdevelopedto compensatéor
unplannedircraftattitudevariations.

The correctionalgorithmis basedon calculatingthe true elevation angleand po-
larization rotation given the PSR position encodervaluesand the aircraft pitch androll

data. First, the antenngpointing and horizontalpolarizationvectorsare transformednto
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Figure3.9: Exampleof brightnesgsemperaturesensitvity to incidenceanglefor X-band.
The solid lines representhe actualbrightnessemperatureandare keyed to the left axis.
Thedashedinesaretheelevationalsensitvitiesandarekeyedto theright axis. Thevertical
dottedline denotesthe typical incidenceangleof 53.1°. The numericalvaluesfor the
sensitvitiesaretalulatedin Table3.4. Thesedataweremeasure@t 1455UTC onMarch9,
1997atanaltitudeof ~450m.
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Figure3.10: SameasFigure3.9 exceptfor K-band.
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Figure3.12: Sampleof P-3pitch androll datafrom 2014UTC on March4, 1997.
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the Earth’s (world) coordinateframe usingfive rotationaltransforms.Then, the azimuth,
elevation (from nadir),andpolarizationrotationanglesarecomputedrom the outputvec-
tors. Oncetheseanglesarefound, the correctionsto the brightnessemperaturesanbe
madeusing(3.1)and(3.2).

Thetransformatiorof theantennaointingandpolarizationvectorsto theworld co-
ordinateframeis achiezed usingfive rotationaltransformoperation§26]. Theserotations
are performedaboutthe scanheacklevation and azimuthaxes, the aircraft roll and pitch
axes,andfinally thecompasseadingaxis. Figure3.13illustrateseachof thesecoordinate

framerotations.In vectornotationthe compoundransformatioris

o~

X =R, (Vhead Ry (Ypiten) * By (Yron) + B, (Vaz) - Ry (Ve)) - T (3.3)
whereZ is the pointingor polarizationunit vectorin theantennaoordinatérameandX is
therespectie unit vectorin the world coordinateframe. The antenngpointing unit vector
is k4 = (0,0,1)T andthe horizontalpolarizationunit vectoris 4 = (0, 1,0)7. Therotation

operatorsaregivenby thefollowing:

1 0 0
Rw (’Y)= 0 cosy —sinvy (3.4)

0 siny cosvy

cosy 0 sinvy
R,(v=| 0o 1 0 (3.5)

—siny 0 cosvy

cosy —siny 0
R, (v)= |siny cosy O (3.6)
0 0 1

The azimuth, elevation, and polarizationanglescan be found from the different
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Figure3.13: Thefive rotationaloperationsisedto computethe PSRpointingandpolariza-
tion vectorsin theworld coordinateframe.
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vectorcomponentsThetrueelevationanglef is
f=tan' | i (3.7)

wherek,, k,, andk, arethez, y, andz component®f the antenngpointing vectorin the

world coordinateframe. Thetrue azimuthangle¢, in the compassoseorientation is

-
¢ = tan (i%) (3.8)

The polarizationrotationangleis found by projectingthe polarizationvectorin world co-
ordinateframep = (hy, hy, h,)T into thesphericalorld coordinatesindusingtheinverse
tangentfunction:

4 ﬁwc030c0s¢+ﬁycosﬁsin¢— h, sin 0

o = tan r— =
—hg sin ¢ + hy, cos ¢

(3.9)

The anglea hasa righthandedsenseaboutthe  4-axis. Note thatthe azimuthangle¢ is
undefinedf thetrue elevationangleis zero(§ = 0). In this casethe polarizationangleis

definedas
¢ =tan~! (Z—y) (3.10)

The needfor pitch androll correctionis strikingly illustratedin Figure 3.14. In
thisfigure,thesolid cureis theaveragel azimuthalsignaturecorrectedor polarization
basisrotations,over the LabradorSeaat 1555UTC on March4, 1997. The surfacewinds
werereportedo be279 at 16 ms~!, which coincideswell with the obsenedT}; variation.
The zero-crossingindsteepslopenear279 is characteristiof the the upwind direction.
The dottedcurve, however, is the averageuncorrected’y; azimuthalsignature.Note, that
the characterof the two curvesis quite different. The pitch androll correctionremoves
polarizationrotation errorsthat maskthe true natureof the signal. To further verify the
performancef thepitchandroll correctionthesquared-correlatiocoeficientbetweerir,

(or T3) andf wascomputedbeforeandaftercorrectionfor severalflight tracksthroughout
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Figure3.14: Third Stokesparametedataillustratingthe needfor pitch androll correction.
Thedatadravn with thedashedine is anaveragescanoutputof 7 without pitch androll
correction. The solid line is T;; with pitch androll correction. The wind directionwas
279 accordingto Knorr measurementandthe correctedl;; measurementagree. The
characteristiof the Ty curve thatindicatesthe upwind directionis its zero-crossingnd
steepslopenear279. Thedown wind directionis indicatedby a zero-crossingdput gradual
slopenear9?.
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Figure 3.15: Uncorrectedand correctedX-bandbrightnessemperaturesersuselevation
angle.Thedatabrightnesgiata,denoteddy the scatteregboints,werecollectedon March9
from 14:12-14:20UTC. Thelinear regressionis plottedby a solid line. As indicatedby
the valuesof p?, the correctionalgorithm reducedthe contrikution of aircraft attitudinal
variationsfrom 13%-64%to 0.24%-0.01%.

72



the LabradorSeadataset (seeFigure 3.15). As seenin the left column of plots, 13%-
46% of the variationin the uncorrectedorightnesgemperaturess attributableto aircraft
attitudinal changes.The correctionalgorithmreducedthis dependenc#o 0.24%-0.01%,

whichis illustratedby the nearlyhorizontallinesin theright handplots.

3.4 Labrador SeaExperiment

The Labrador Seaexperimentconsistedprimarily of six data flights from March 1 to
March 10, 1997 over the LabradorSeaalongwith threelocal dataflights of the Atlantic
OceamearWallopslsland,Virginia. The objective of the experimentwasto obsenre high
wind speed > 10 ms™!) conditionsto verify theutility of passve polarimetricwind vector
sensingin high seas. The primary dataproductswere the oceansurface emissionhar
monicsand high-resolutionpolarimetricmicrowave imageryof the ocean. The imagery
provided uniqgueobsenationswith which to demonstratéhe retrieval of oceanwind vec-
tor fields usinga variety of channelandviewing two-look configurations.Flight patterns
wereconductecat ~6.1 km (20,000ft) altitudeandincludedhex-crosspatterngdescribed
in Chapter5), patrols(coincidentflight legs flown on oppositeheadings)ascendingand
descendingpiralswith constantbankangle,andlong (>100km) transects.The March 1
flight departedrom the NASA Wallops Flight Facility (WFF), WallopsIsland, Virginia
andterminatedn GooseBay, Labrador CanadaSortieson March 3, 4, 7 and9 originated
from GooseBay. The March 9 flight terminatedin Brunswick, Maine. The returnflight
to WFF on March 10 includedmaneuersover two oceanbuoys off the easterrshoresof
VirginiaandMaryland.

During the LabradorSeaexperimentthe NASA WFF P3-B Orion aircraftwasnot

only outfittedwith the PSR ,but alsoincludedthe follow instruments:
e CSCAI: C-bandscatterometefUniversity of Massachusetts)

e KASPR:Ka-bandconically-scanningolarimetef UMASS)
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e KAPOL: Ka-bandhadirviewing polarimete(NOAA/EnvironmentalTechnologyLab-

oratory)
e CWVR: 21 and31 GHz zenithviewing cloudandwatervaporradiomete(ETL)
¢ ROWS: radaroceanwave spectromete(NASA/WFF)
e GPSdropsondestation- NCAR

TheflightsconcentratedvertheWoodsHole Oceanographimstitute’sR. V. Knorr. Scien-
tistsaboardhe Knorr operateda suiteof surfacemeteorologicainstrumentsandlaunched
daily radiosondes The flights werealsocoordinatedo underfly DMSP SSM/I, NSCAT,
andERS-2scatterometer

ThePSRscanningnechanisnoperatedeliably for all dataflights. Ambientcondi-
tionsmetdesignexpectationsvith temperatureaslow as-50°C. Theinternaltemperature
of the scanheadvastypically near0°C at altitude. Thefollowing PSRradiometersystems

provided quality datafor the six flights:
e X-bandanaloganddigital
e K-bandanalog
e Ka-bandanalog(H-pol) anddigital subband4 and2

The primary causefor the malfunctionof the remainingsystemsvasthe mechanicatou-
pling of thescanningnotionto RF componentsThis phenomenomwasevidencedoy large
(~10-50K) andsomeavhatsystemati@utputvariationscorrelatedo azimuthencodewal-
ues.TheW-bandradiometemwasnon-operationatlueto mixerandLO failure. Thedigital
correlationsystemperformedwell, with the exceptionof afew instancesvhentheaircraft

DC voltagesupplydroppedbelow the expected28 VDC. Otherwisethe operationof the

4peterGuestof theNaval Postgraduat&choolprovidedsurfacetruth andradiosondelatameasuredrom
aboardtheKnorr.
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digital correlationsystemwasa successfutechnologydemonstratiomndprovidedimpor-
tantnew polarimetricobsenationsat 10.7and37.0GHz. A comprehensie descriptionof

theLabradorSeaexperiment,includinga detailedflight catalog,canbefoundin [19].

3.4.1 PSRMicrowave Imagery of the OceanSurface

Radiometricbrightnessmagery obtainedusing the PSRrevealsboth a systematicwind
direction signatureand stochasticvariability of geophysicalorigin. The datapresented
hereinwereobtainedrom 1632-1642JTC duringthe LabradorSeaflight on March4 and
contains37 azimuthalscangrocesseaccordingheto proceduresletailedin the previous
sectionsandcalibratedasdescribedn Chapter4. Thewind speedanddirectionwere16.2
ms-! at270° asmeasuredisingKnorr wind sensorandtheoceanswell was~5 m (16 ft)
from 275 accordingio obserersaboardheKnorr.

As wasintroducedin Chapterl (Figure1.1) andwill be thoroughlydiscussedn
Chapter5, the elementsf the Stokesvectorcontainsystematic~1-2 K azimuthalvaria-
tionsoverthe oceanat afixedelevationanglethatarehighly correlatedo the nearsurface
wind direction. Suchvariationscanbe seenn theaverageazimuthalscandor the March4
dataasshown in Figure3.16. Theverticalpolarizationexhibits afirst-orderharmonicvari-
ationin theazimuthcoordinate The harmonicvariationis even-valuedwith respecto the
wind direction(i.e., it is cosinusoidalandhasits peakvalueneartheupwindazimuthangle
of 27C°. The horizontalpolarizationalsoexhibits a cosinusoidalariationwith respecto
the wind direction, however, the variationhasa dominantsecond-ordeharmonicdepen-
dencethatis negative in sign. This characteristids illustratedby the nulls in brightness
temperaturenearthe upwind (270°) anddownwind (90°) directionsandthe peaksin the
cross-winddirections(0 and 18C°). The third Stokes parametercorversely is in phase
quadraturewith T,, andT},. The averagedly scanshave a dominantfirst-orderharmonic
characterbut aresinusoidalwith respecto thewind directionin nature.Theseproperties
areevidentin therighthandplots of Figure3.16. Thevalueof T is zeronearthe upwind

anddownwind directions while the positive peakis seernto be 9¢° clockwisefrom upwind
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Figure 3.16: PSRaveragedazimuthalscansfrom 1632-1642UTC on March 4, 1997il-
lustratingthe systematiavind directiondependencef thefirst threeStokesparametersit
10.7,18.7,and37.0GHz. (Datafor Ty at 18.7 GHz wasunavailable.) Thewind was16.2
ms-! at 270 asreportedby theKnorr.
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(0°) andthe negative is 90° counterclockwisg18(). This cross-windasymmetryis in-
dicative of the phase-quadratuneatureof 7;; comparedo 7, andT;. All of the average
featuresof T, T}, andTy canbeseemotonly in theaveragescanplotsof Figure3.16,but
in the brightnessmagerydescribedn theremaindeof this section.

The systematiovind directionsignatures revealedin the PSRX, K, andKa band
rasteimagespresentedh Figures3.17through3.19. Thetwo coordinatesn therasterfor-
mataretheazimuthlook angleandthe alongtrackpositionor scannumberandthe color of
the pixelsrepresentshe brightnessemperaturasindicatedby the accompayping key. In
theT, imagery(upperleft imagewithin eachfigure), thefirst-orderharmonicdependence
is clearly evidencedby brighteningin the upwind direction (recall the cosinusoidathar
acteristic). The second-ordeazimuthalharmonicis evidentin the T;, imagesandcanbe
seemasincreasedrightnesgemperaturén thecross-winddirectionswhile thetwo streaks
of lower brightnesgemperaturearein the up anddownwind directions. Finally, the odd
symmetryof the Ty signatureis seenin the third Stokes parametelimageryas positive
valuesto theright of thewind directionandnegative valuesto theleft.

Thewind directionsignaturecanalsobe seenin the geolocatedmagerydisplayin
Figures3.20through3.22. Theinformationfor eachpolarizationis dividedinto fore- and
aft-looks,suchthattwo swathsaredisplayedfor eachpolarization.In the T, imagery the
effect of the westwind on the brightnesdemperature&anbe seenasa warmingalongthe
westernedgeof the swath becauseahe radiometersare pointedto the west. Becausdhe
215 flight track headingis nearly cross-wind,the T}, imageryexhibits increasedvalues
alongthe middle of the swath (with the radiometergointing cross-wind)and decreased
amplitudealongthe swath edges(with the radiometergpointing upwind and downwind).
Furthermorethe Ty imagerypossessesstrongfore/aft-lookcontrastandvaluesnearzero
alongthe swath edges.Thesecharacteristicareindicative of the quadraturgohaseof the
azimuthaldependencef thethird Stokesparametemwith positive andnegative extremain
thecross-windook directions.Note, thatwhile thewind directionsignatures notobvious

in the 37.0GHz Ty rasterimagery the geolocatedmageryclearly revealsthe cross-wind
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Figure3.17:PSR10.7 GHz polarimetricmicrowave imageryof the oceansurface.
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Figure3.18: SameasFigure3.17exceptthefrequeny is 18.7 GHz.
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asymmetry

In additionto thesystematievind directionsignaturetherearestochastivariations
in the brightnesstemperatureseenin the rasterimagery Thesevariationsare clearly
revealedby removing the azimuthalmeans(from Figure 3.16 anddisplayingthe residual
brightnesdeviationsaswasdonein the lower imagesin Figures3.17through3.19. The
deviationsfrom the meanarea sumof bothinstrumenmnoiseanda-mesoscalgeophysical
variability. The two differentsourcescan be distinguishedbecausanstrumentnoiseis
independenfrom onepixel to the next. The spatialvariability of the geophysicahoise,
however, extendsover a larger areathanone pixel. Diagonalstreaksthat span~5 scans
appearin theresidualrasterimageryandare correlatedbetweenpolarizationsandacross
radiometeibands.Becausef their geophysicahature thesefeaturesarebetterillustrated
usinggeolocatedmagery

Figures3.23 through 3.25 contain the fore and aft-looking geolocatedresidual
brightnessmageryfor X, K, andKa-bands. The diagonalstreaksin the rasterimagery
aremappedo spotsof ~5 km in sizein the geolocatedmagery Not only arethesespots
presentacrossboth polarizationsandthe threebands,they arerepeatedn both fore and
aft-lookingimagery Their presencén thetwo polarizationsandabsencén Ty is evidence
thattheexcessmissions primarily unpolarized.Theemissioralsoappears$o beisotropic
asevidencedby therepeatabilityin bothfore andaft-looks. The presencén bothazimuthal
looksalsoindicateghatthetemporalconstanyg of thefeaturess 2>100sec.Thecloudtops
werewell below theaircraftat~2.1km (7000ft) altitude(asdeterminediuringaspiralde-
centperformedmmediatelyaftertheflight track) andthe cloud ceiling was~1 km (3300
ft) (asreportedby the Knorr). In total, thesecharacteristicsuggesthatvariability in the
cloudfield is onemechanisnpossiblyresponsibldor the obseredbrighthnessemperature
variability. Othercontributing factorscould be variability in the atmospheriavatervapor

or thewind field which perturbsthe oceansurfaceroughness.
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Figure 3.20: GeolocatedPSR 10.7 GHz polarimetric microwave imagery of the ocean
surface.
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Figure3.22: SameasFigure3.20exceptthefrequeng is 37.0GHz.
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Figure 3.23: Geolocated?SR10.7 GHz residual(seelower imagesin Figure 3.17) mi-
crowave imageryof theoceansurface.
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Figure3.24: SameasFigure3.23exceptthefrequeng is 18.7 GHz.
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Figure3.25: SameasFigure3.23exceptthefrequeng is 37.0GHz.
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3.4.2 Detectionof Sun Glint

The microwave emissionfrom the suncanreflectoff the oceansurfaceinto the radiome-
ter feedhorngiven the right geometry Evenwhen cloudsare presentthis reflectioncan
increasehe measuredrightnesgsemperaturdy a few Kelvin. The presencef sunglint
in PSRdatais evidencedby theradiometricimageryin Figure3.26. In thisimage,a 10.7
GHz T;, rasterimageis displayedin grayscale.The sunglintcanbe seenin the left image
asaslightincreasan brightnessaalong~170 azimuth.Theleft andright imagesareiden-
tical exceptthata line was superimpose@n the right imageto emphasizehe azimuthal
trackof the sunglint overtime. Thesedatawerecollectedduring a hex-crosspatternfrom
1430-1518JTC onMarch3. Thereis adistinctbrighttrackrunningfrom ~160° N atscan
1to ~173 N atscanl29,which coincideswith the solarazimuth. The solarazimuthcan
be calculatedusingthe methodsn [13].

Plottedin Figure3.27aretheverticalandhorizontalbrightnessemperatureat10.7
and18.7 GHz averagedover therasterimagery Thetwo verticaldashedinesin eachplot
delineatethe solarazimuthsat the startandendof the hex-crosspattern.Note thatthereis
adistinct~0.3K perturbatiorbetweertheseboundariesSunglint wasnot detectedn the
Ka-bandimagery

In additionto correlatingthe bright track of Figure 3.26 with the solarazimuth,a
modelis presentedherethatquantitatvely verifiesthatsunglint is a probablecandidatdor
the obsened perturbation.The sunglint is modeledby assuminga flat oceanandlossless
atmosphereand the antennagpatternis approximatedoy a Gaussiarbeam. The antenna
temperatureanbe calculatedoy the following:

ST T TR0, ¢)G(', ¢') sin 0'd6'dd’

TA 27 pw .
2T [T GO, ¢') sin 0'de' dgy

(3.11)

whereTg(#', ¢') is the brightnesstemperatureand G(¢', ¢') is the antennagain pattern
in the direction (¢', ¢'). The coordinatesystemis referencedo the radiometemoresight

(0", ¢') = (0,0). Becausehesunis relatively smallin the sky (~0.5’), the antennaem-
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Figure3.26: PSRX-bandT}, rasterimageillustratingthe presencef sunglint in radiometer
imagery Theleft andrightimagesareidenticalexceptthataline wassuperimposednthe
right imageto emphasizehe azimuthaltrack of the sunglint over time. Thesedatawere
gatheredrom 1430-1513JTC on March 3, 1997overthe LabradorSea.
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peraturecanbe approximated:

To | Ra(80)|” G(6,)d%

Ty =
AT TG, @) sin 9 drdg

(3.12)

whereTy, is the brightnessemperaturef the sun, R,, is the Fresnelreflectioncoeficient
of theocearsurfacefor polarizatione = v or h, 8 is thesolarincidenceanglefrom nadir,
0, is the off-boresightangleof the sunglint in the antennacoordinateframe,anddf); is
the solid anglesubtendedby the sun(~ (7/360)? Sr).

The radiobrightnes®f the sunis approximately6000 K at wavelengthsshorter
thanl1 cm (or frequenciegreatetthan30 GHz) andgreaterthan6000K for longerwave-
lengths[38]. For example,the quietsun(i.e., low sunspotactity) is ~10,000K near3

cmwavelength(or 10 GHz). The Fresnereflectioncoeficientsatthe oceansurfaceare

— — .2
€y COS 0 — /€, — sin“ 6 (3.13)

R,(0) =
©) € COS 0 + /€, — sin? @
— — 3 2
Rh(e)_cosﬁ v/ €, — sin“ @ (3.14)

B cosf + /e, —sin? 6

whereg,, is the dielectric constantof seawaterasgivenby [37]. The antenngpatternis

approximatedvith a Gaussiarbeampattern:

1/
wherethe parametery is relatedto the 3 dB beamwidthOs45 by
In2

Thesunglint directionin theantennacoordinatdrameis

0}, = cos™ " (sin #y cos Py sin O cos g + sin Oy sin Py sin O, sin g, + cos by cos )

(3.17)

wheref, and¢, aretheantennancidenceandazimuthanglesandé., and¢., arethesolar

incidenceandazimuthanglesin theworld coordinatedrame.
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Figure 3.28: Modeledbrightnesgsemperaturgerturbationdueto sunglint for X- andK-
bands. The radiometeris viewing the surfaceat 53.1° with an 8> beamwidth. The solar
azimuthandelevationanglesare169.6 and64.5, respectiely.
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Figure 3.28 shows the modeledsun glint for the experimentflown on March 3,
1997 (samecaseasfor Figures3.26and3.27). At 1500UTC the P-3wasat57.5586 N
and51.5670 W andthesolarazimuthandincidenceanglesvere169.6 and64.5, respec-
tively. The computedoerturbationsaresimilar to thosethatweremeasuredndplottedin
Figure3.27. Themodel,however, doesunderestimat¢he sunglint becauset is assuming
a Fresnelreflectionfrom the oceanratherthanreflectionfrom a roughocean. The rough
oceanwould effectively broaderthe antenngbeam thusincreasinghe predictedsunglint
perturbationNonethelesshis simplemodel,coupledwith the solarazimuthdata,helpsto
validatethe hypothesighat sunglint will perturbthe measuredrightnessemperaturef

theocean.

3.5 Summary

Descriptionsof the PSR hardware, dataprocessingand LabradorSeaexperimentwere
presentedn this chapter The PSRwasthefirst microwave polarimeterto utilize a digital
correlatorfor detectionof the third StokesparameterThe uniquetwo-axisgimbal design
facilitatedthefirst multibandpolarimetricimagingobsenationsof oceansurfaceemission.
The dataprocessingalgorithms,in particularthe compensationmethodfor aircraft pitch
androll perturbationswerediscussedThepitch androll correctionalgorithmwasdemon-
stratedto reducethe contributionsof attitudevariationsin the PSRimagingfrom > 10%
to < 1%. During the LabradorSeaexperiment the PSRwasusedto obtainthefirst high-
resolution(~1 km) multiband,polarimetric,conically-scannedhicrovave imageryof the
oceansurface.After calibration(whichis discussedn Chapterd) theimageryrevealedthe
expectedsystematiovind directionsignatureaswell asnaturalgeophysicalariability in
themicrowave emissiorovertheocean.Thegeophysicavariability is hypothesizedo arise
from cloud, watervapor andsurfaceemissionvariations. The LabradorSeadatawill be
usedin Chaptel5 to developanempiricalgeophysicamodelfunctionfor ocearbrightness

temperatureover the LabradorSea. This modelfunctionwill be appliedin Chapter6 to
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retrieve surfacewind vectorfieldsfrom imageryobtainedduringthe LabradorSeaMarch 7
flight over a polarlow. The oceansurfaceimageryobtainedby the PSRduring the five
sortiesflown in March 1997, provide an importantdatasetto usefor the technicalde-

velopmentanddemonstratiorof oceansurfacewind vectorfield measuremertty passve

microwave polarimetry
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CHAPTER 4

Calibration

ThePSRin-flight calibrationalgorithmsarediscusseah this chapter Thecalibrationof the
PSRentailsthe estimationandremoval of systematigainsand offsetsfrom the different
radiometeoutputs,andis carriedout in-flight usingheatedandambienttemperatureali-
brationtargets. The succes®f usingunpolarizedargetsto calibratethe digital microwvave
polarimeterdependgartially uponthe designof the radiometerantennajn which polar
ization purity is the primary consideration Accordingly, an analysisconsideringantenna
rotationalandpolarizationeffectsis presentedanda setof designprinciples(onwhichthe
PSRdesignwasbased)s derivedfrom theanalysis.

The ability to properly estimatethe hardware constantof the digital correlatoris
alsonecessargothatthefirst threeStokesparametersin particular?y, canbe measured
withoutinstrumentias. Total-pover radiometercalibrationfor boththeanaloganddigital
systemss straightforvard. Theradiometetis presentedvith two known temperaturestim-
uli (thehotandambientioads)from which measurementsf thegainandoffsetparameters
are computed. The methodis specificallyderived for the digital total-pover channelgo
includethelinearizationof the digital counteroutputsin the calibrationequationsA novel
calibrationschemefor the third Stokes parameteichannelthat usesthe hot and ambient
loadsis described.Becauseof A/D corverterthresholdoffsetsandinput correlationbias,
thereare non-zerooffsetsin the correlatoroutput. Theseeffects canbe compensatetyy
usingmeasurementisom the two unpolarizedcalibrationlooks. A fully polarimetriccal-

ibration standardvasutilized to verify the effectivenesf the techniqueandthe absolute



calibrationof the U-channelwasfoundto be~ 0.4 K.

Finally, the in-flight calibrationalgorithmsusing the two unpolarizedtargetsare
described.In particular the total-pover radiometercalibrationis augmentedvith a third
calibrationreferencethe cold-sky, to correctfor thermalgradientswithin the PSR cali-
brationtargets.Post-calibratiorbrightnesgsemperatureomparisonsvith severalcold-sky

looksrevealanabsolutecalibrationAT,,, < 4 K.

4.1 Antenna

ThePSR5radiometersisedual-polarizationens-feedhorantennasThedual-polarization
antennacouplesthe incidentpartially polarizedradiationfrom free spaceto two orthogo-
nally polarizedguidedmodesandusesan ortho-modetransduceOMT) to couplethese
modesinto two signalsports. Theantennas cross-polarizatioliscrimination(XPD) char
acteristicsaffect the amountof contaminationn a measuremendlue to inclusion of un-
wantedenegy in anorthogonalpolarization.PoorXPD will resultin unacceptabl&tokes
parametemixing attheradiometeoutputs.Carefulconsiderationthereforemustbegiven
to XPD specificationsvhendesigningthe antenndor a polarimeter In addition,rotational
misalignmentglueto antennamountingor uncertaintyin the polarizationalignmentwill
causepolarizationbasisrotationerrors.Beginning with a basicantennanodel,severalde-
signrules,which maybeusedto specifyantennacharacteristicsarefoundin this section.
Theantennaystemcanbe modeledasa four port device thatcouplesthe incident
horizontally and vertically polarizedelectric fields (denotedE;" and E;") to two output
ports. The fields at the output ports are denotedE; and E;,, respectiely. Ideally, the

antennaandoutputportswould be perfectlymatchedandhave infinite XPD (i.e., E;} and
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Figure4.1: Cascadedour port networks modelingbothrotationandcross-polarizatiomf-
fectswithin adual-polarizedantennasystem.Thefirst network, describedy thescattering

matrix Sy, actsasa rotationof the polarizationbasisfrom the naturalbasis. The second

network, modeledby scatteringnatrix S x, introducesmpedancenismatchesport-to-port
isolation,andcross-polarizatiogoupling.

E;" would coupledirectly to E; andE; ). In scatteringmatrix notationtheideal caseis:

0 001 0| |Ef
0 000 1| |Ef
= (4.1)
E; 1000[]0
E; 0100][]O0

Unfortunately antennaalignmenterrors,OMT imperfectionsandcross-polarizatiomix-
ing in the feedantennatself rendertheidealizedassumptionnvalid. To assesshe effects
of suchdefects,the nonidealitiescan be decomposednto two error modes: (1) a polar
ization basisrotationand (2) a cross-polarizatiortoupling. The propertiesof thesetwo
errormodescanbe modeledusingpassve, losslessandreciprocalfour port networks (see

Figure4.1)with scatteringnatrices?R (for rotation)and?x (for coupling):
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0 0 cosa —sina
= 0 0 sina cosa
Sk = (4.2)
cosae sina 0 0
—sina cosa 0 0
whereq is aneffective clockwiserotationof the antennaaboutits boresight;and
R I T C
— I R C T
Sx = , (4.3)
T C R I
C T I R

wherethe four scatteringparametersre definedasfollows: C' is the cross-polarization
couplingcoeficient, I istheport-to-portisolationcoeficient, R is thereflectioncoeficient,
andT is the co-polarizedtransmissioncoeficient. The matrix ?X containsonly three
independenscatteringparametersywhich arerelatedto actualantennaneasurementén

dB) asfollows:

RL = —20log |R| (returnloss) (4.4)
XPD = —-20log|C| (cross-polarizatiomliscrimination) (4.5)
PPI = —-20log|I| (port-to-portisolation) (4.6)

Both of thesedevice modelsare assumedo be reciprocal,passve and lossless.
Theseassumptiongmposetwo mathematicatriteriaon the scatteringparametematrices.
First,thescatteringnatrix of areciprocaldevice is symmetricundertransposition Accord-
ingly, we seefrom (4.2) and(4.3) that?R = ?RT and?x = §XT. The secondcriterionis

thatthe scatteringmatrix be unitaryfor a passve andlosslesslevice, thatis:

|

=t
XSX:

|

= 1
rSR =

2l
U

and : (4.7)

where} denotesthe conjugatetranspose.lt can be readily shovn that ?R satisfiesthis
condition. For the cross-polarizatiomouplingmatrix, however, this requirementimits the

numberof independenparameterf ?X. Theseconstraintareexaminedin Sectiord.1.2.
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Sincetheantennas usedto coupletheincidentStokesvector(2.1)to theradiome-
ter, any antennaerrorswill perturbthe measuremenf the true Stokesvector The scat-
tering matrices?R and?x will be analyzedndependentlyto elucidatethe effectsof the

individual errormodes.Theresultswill thenbe composedor acompleteanalysis.

4.1.1 Rotation error

Rotationakerrorscanarisefrom themisalignmenbdf theantennavith theplatform,OMT/feedhorn
or feedhorn/reflectomisalignmentsor platform attitude measuremengrrors. Given a

planewave incidentupon a misalignedantennathe fields at the output ports are deter

minedby
E; 0 0 cosa —sina| |Ef 0
E; 0 0 sina cosa | [EF 0
— = (4.8)
El cosa sina 0 0 Ef cosaE} + sin oE;f
Ey —sina cosa 0 0 Ef cos aE;" —sinaE}

This equationis theresultof rotatingthe polarizationbasis,andleadsto the Stokesvector
rotationaltransform[8]. Ratherthan measuringthe true Stokes vector the radiometer
measureshe antennabrightnessvectorT 4y Which is associatedvith the outputfields
E[ andE;:

TanT (|EL %)
_ TaANT A2 (B %)
Tanr = = L (4.9)
Tanty n 2Re(ET Ey )
| Tanty | | 2m(ETE;T)
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where) is thewavelength,y is thewave impedanceandk is Boltzmanns constantMak-

ing the substitutiondor E;” andE; in termsof E;F andE;" resultsin thefollowing:

(| cosE} + sin o Ejf %)

22 (| cos aE;f — sinaEf|?)

2Re((cos o E + sinaEy) (cos aE; — sinaEy)”)
| 2Im((cos e} +sinaEy) (cos aEy —sinaEf)") | @10)
[ cos? o(|Ef|?) + sin® ?) + sin 2aRe&(E} E;F™) ] .
|E;F|?) — sin2aRe(EFE;™)
|E;f[2) + 2 cos 2aRe(E;f E;™)

A2 sin® (| E}|?) + cos® «
nK | _sin 2a(|E|2) + sin 2c

The above resultcanbe decomposethto a matrix-vectorproductby separating rotation

operator:
(IES1?)
- = N (IEZ1%)
Tanr=L(e)- U (4.11)
| 2RESE)
2Im(E} E;™)
where

cos?a  sin®a  3sin2a

sina  cos’a —1sin2a
(4.12)

—sin 2 sin 2« Cos 2«

_ o O O

Thematrix operatorf (e) is the Stokesvectorrotationaltransformandtheantennaright-

nessvectorT 4y is Simply atransformatiorof the Stokesvectorunderarotationof angle

.

TANT = L(a)TB (413)
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Severalobsenationscanbe madeaboutthe errorsthatoccurfrom antennaotation.
First, the fourth Stokes parameteiis invariantunder polarizationbasisrotation. This is
expectedbecausdy containdnformationaboutthecircularpolarization.To quantitatvely

identify the effectsof mixing amongthe other Stokes parametersthe sensitvity to small

polarizationrotationsaboutthenominala = 0 is definedas:

Ty
~Ty
2Ty —T))
0

Krad! = ——

Ty
~Ty
2Ty —T))
0

(4.14)

Smallpolarizationmisalignmentsill producemixing betweenl, (or 7}) andTy thatare
~ O(a). Second,noticethat T, and T} do not mix, at leastto O(«), for small devia-
tionsabouttheidealalignment.Obviously, the magnitudeof naturallyoccurringpolarized
emissionggreatly affectsthe amountof Stokes parametemixing causedby polarization
misalignmentFor example,with Ty = 1 K and(T, — T},) = 60 K, therotationalsensitv-
ity is

0.02
—0.02
—-2.1

0

K deg~". (4.15)

Smallvaluesof thethird Stokesparametehave a negligible effect onT;, andT},; however,
large polarizationdifferences,suchas seenover the ocean,can greatly affect 7;; when

rotationalerrorsexist.

4.1.2 Cross-polarizationcoupling

The effects of cross-polarizatiorcoupling are analyzedin this section,separatelyfrom

antennaotation, usingthe definition of ?X from (4.3). It is assumedhatthe antennas
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perfectlymatchedo thereceversothat £} = E;f = 0. Theoutputfield amplitudesare:

gl [r
Ef| |1
E-| |7
5| |c

11 clle
R C T| |E;
C R I||oO
T I R[]0

RE] + IE;
IET + RE;
TE; +CE;

CE; +TE;

(4.16)

Usingtheresultsfor E; andE;” from above,themeasurablantennaemperatureectoris

Toanr =
ANT 77K

TP ET %) + [CI*(| B2 [?) + 2Re{TC*(Ey E,
T1*(|E5 7 + [CP{| ET?) + 2Re{TC*(Ey E.

2T + |CPP)Re{(ET B3 ")} + 2Re{TC*}({| BT |*)
20T — [CPIM{(ET By )} + 2m{TC* (BT 1) — (| E5 %)

%

+

0}
)
{
{

(4.17)

If theantennds notrotatedthenE; = E} andE; = E;' andthe abore antennabright-

nessvectorcanberewritten by usingthe Stokesparameters:

Tant =

| IT2T, + |C2T, + Re{TC*} Ty — IM{TC*}Ty |

T 2T}, + |C|2T, + Re{TC*YTy + Im{TC*}T},
(IT|2 + |C]2)Ty + 2Re{TC*}(T, + Ty)
(T2 = |CI))Ty + 2Am{TC*}(T, — T3)

(4.18)

Theabove canbeexpressedsatransformatiorof thetrue Stokesvectorto themeasurable

antennaemperatureat the outputports:

T anT =

T
C?
2Re{TC*}

2 Re(TC*} —Im{TC*}
T Re(TC*}  Im{TC*}

9Re(TC*} T+ |C? 0
T|* - |C?]

2im{TC*} —2Im{TC*}

Tp

(4.19)

Beforethe effectsof cross-polarizatiorroupling canbe discussedthe constraints

on the scatteringparameterd” and C mustbe identified. Underthe unitary condition,

102



= 1 = . . .
xSx =1, thefollowing relationsarerequired:

Wl

IT>+|C)P?+ |R*+|I]?=1 (4.20)
TC* +T*C + RI* + R* I =0 (4.21)
TR*+T*R+IC*+I'C =0 (4.22)
TI*+T*I1+ RC*+ R'C=0 (4.23)

Relation(4.20)is simply a statemenbf conseration of power. The otherthreerelations
constrainthe realandimaginarypartsof the four scatteringparametersTheseconditions
canbe usedto determinethe behaior of the Stokestransformationn (4.19), which has
four parameterstT'|?, |C|?, Re{TC*}, andim{T'C*}.

Thecaseof R = I = 0 (i.e.,theantenngortsareperfectlymatchedandisolated)

is aninformative one. For this casetherelations(4.20-4.23yeduceto
IT*+|C)* =1 (4.24)
TC*+T*C =0 (4.25)

Upon examinationof (4.25) we seethat Re{7'C*} = 0, i.e.,, C andT are 90° out of
phase.Furthermorepy conserationof power, |T'| = /1 — |C|?. Usingthe substitutions

C = |C|e’® andT = +j4/1 — |C|2e’¢ thetransformatiormatrixin (4.19)canberewritten:

1-|C]? C? 0 FIClY1-I[CP
|CJ? 1-|C]? 0 £Cly1-|C]
(4.26)
0 0 1 0
+|ClV1-[C]? F[ClY1-1C* 0 1-2|C

Here we seethat cross-polarizatiomixing betweenT,, and T}, is O(|C|?); however, the
degreeof mixing betweerthe fourth Stokesparameteand”, andT}, is O(|C|). Likewise,
thereis alsoa (T}, — T3,) couplingof O(|C) into Ty,. NoticethatT;; is immuneto cross-
polarizationeffectsfor this specificcase.

If theassumptiorthat R = I = 0 is notmade thentherealpartof theproduct?’ C*

becomesmportant. Thatis, amixing of 7,,, T;,, and 7y will occur This additionalrestric-
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tion doesnotchangehemixing betweer,, T;, andTy ; however, Ti; is nolongerimmune
to cross-polarizatiomoupling.In fact,theinter-channemixing with Ty is governedby the
magnitudeof Re{T'C*}. Fortuitously therealpartof TC* canbe bounded.Fromunitary
relation(4.21),

TC*+T*C+RI*+R'I=0
2Re{TC*} = — (RI* + R*I)

1
Re(TC"}| < 5|RI" + R'] (4.27)

IA

1 % %k
S(RI|+ |R°1)
< |R||]
Oneonly needspecifythe maximumvaluesof | R| and|| to limit themixing of T, and7},
into Ty;.
Theimaginarypartof TC* (which determineshemixing of T,, andT}, into 7Ty/) can

beboundedaswell:
IT?|IC|? > ImTC*]* = |T]*|C|* — |RETC*|? (4.28)
IT]?|C* > ImTC*|> > |TP’|C|* - |R]*|I]? (4.29)
where|T|? =1 —|C|?> — |R|® — |I|? (by conserationof power). By specifyingthe three
commonantennameasurementsi L, X PD, and PPI, the degreeof Stokes parameter

mixing causedy cross-polarizatiowouplingcanbe controlledandknown to within some

bound.
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4.1.3 Composition of ?R and ?X

Thetwo scatteringnatrice§ R and?x canbecomposedo relatetheoutputfields E; and

E; totheaperturdfields E;F andE;". The compositescatteringmatrix is:

Sxr=
Rcos?a — Isinacosa Icos? a+ Rsinacos
Icos’?a+ Rsinacosa Rcos?a+ Isinacosa

Tcosa— Csina Ccosa+ T sinw

Ccosa—Tsinw Tcosa+ Csinw

Tcosa—Csina Ccosa—Tsina
Ccosa+Tsina Tcosa+ Csina
R 1
1 R

(4.30)

The order of the matrix compositionis chosensuchthat the rotation operatoris applied
beforethe cross-polarizatioroperatoy which is physically justified becausehe receved
fields encountetthe antennaaperturebeforethe OMT. Assumingthe recever is perfectly

matchedo theantennathe outputfieldsare

+

E; Ef (Rcos? o — Isinacosa) Ef + (I cos? o+ Rsinacosa) E}f

E; —Tun E;f _ (Icos® @+ Rsinacosa) Ef + (Rcos? o + I'sin cwcos o) E;f

E; 0 (Tcosa — Csina) Ef + (Ccosa+ Tsina) E;f

|E, | 0] | (Ccosa—Tsina) Ef + (Tcosa+ Csina) E; |
(4.31)

Themeasurablantennarightnessectorcanbecomputedisingtheresultsfor £
andE; fromabove; however, it is simplerto cascadéhetwo Stokesvectortransformations
(4.12)and(4.19)andachiere thesameresult. ThecompositeStokesvectortransformation,

which accountsfor both rotationaland cross-polarizatiorcoupling error modes,can be
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expresseasthe productof two matrices:

T CJ? Re(TC*} —Im{TC*}

CJ? T Re(TC*}  Im{TC*}
9Re{TC*} 2Re(TC*} |T]2+|CJ? 0
2Im{TC*} —2Im{TC*} 0 TP~ ||

cos?a  sin®a  isin2a 0
sin®a  cos’a —isin2a 0

(4.32)
—sin 2 sin 2« Cos 2« 0

0 0 0 1

The elementf this matrix productdescribehe mixing of the four Stokesparametersiue
to the compositionof ?R and?x. Similarto (4.30),the orderof the matrix multiplication

is chosensuchthatthe rotationoperatoris appliedbeforethe cross-polarizatiorperator

Changingthe orderof multiplication will changethe outcomeof the following equations
(4.33)-(4.36).This change however, doesnot changethe conclusionsn Section4.1.4as-

sumingboththe polarizationrotationanglea andpolarizationcross-coupling” aresmall.

Eachof thefour Stokesparametersvill bediscussedbriefly.

The measurableantennatemperaturest the vertical and horizontal polarization
outputportsare
Tantwy = (|T| cos® a + |C|?sin® @ — Re{TC*} sin 2a)) T, +
(|T|?sin® a + |C|? cos® a + Re{T'C*} sin 2a) T}, +

1
[5 (|IT]> — |C|?) sin2ae + Re{T'C*} cos 204] Ty — Im{TC*}Ty, (4.33)

Tantp = (|Tsin’ a + |C]? cos® a — Re{T'C*} sin 2a)) T, +
(|| cos® a + |C|?sin® @ + Re{TC*} sin 2at) Ty, +

1
[—5 (IT? - |C|?) sin 2ac + Re{T'C*} cos 204] Ty + Im{TC*}Ty, (4.34)
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In theseequationgherearethreemodesof Stokesparametemixing. Thefirstmodeis mix-
ing betweertheverticalandhorizontalchannelsThecontribution of T}, to Ty x4, OF Vice-
versa,is [|T|?sin® o + |C|? cos® o = Re{TC*} sin 2cr| . The first componentT|? sin® &
is primarily dueto polarizationrotationandthe secondterm |C|? cos? « is dueto cross-
polarizationcoupling. Thethird component-Re{7T'C*} sin 2« is the productof bothrota-
tion andpolarizationcouplingeffects. The secondmixing mode,the additionof the third
Stokesparametefly to Tanr, andTanr, hastwo componentsThefirst componenis
+1 (|T|? — |C}?) sin 2« andis due mainly to the rotationerror mode;the secondtermis
Re{T'C*} cos 2« andis causedmostly by cross-polarizatiorwouplingwithin the antenna.
Thefinal errormodeis fourth Stokes parametemixing into Txnr, andT4nr,,. Because
Ty is invariantunderpolarizationbasisrotation, this mixing =Im{7°C*} is solely dueto
cross-polarizatiomontamination.

The measurablén-phasecorrelationantennaemperaturd s y7y obsened at the

outputportsis

Tanty = 2Re{TC*}(T, + Ty) —
(|71 + |CJ?) sin2e(T,, — Tp,) + (|T)* + |C|?) cos 20Ty (4.35)

Thereare two modesof brightnesstemperaturemixing that occur here. First, the sum
(T, + Ty) is addedo T4yt With ascalingfactorof Re{T'C*}. (Note,thatif theantenna
is perfectlymatchedandits portsareisolated thenRe{T'C*} = 0.) This mixing is solely
dueto cross-polarizatiomoupling. Secondthe polarizationdifference(T,, — T}) is mixed
in with a coeficient of — (|T'|2 + |C|?) sin 2. This contaminationpn the otherhand,is
predominantlyan effect of the rotationalerrormodeandcanbe removed usingelectronic
polarizationbasisrotation [20]. It is notablethat the fourth Stokes parameteidoesnot
appeaiin thein-phasecorrelationbrightnesgsemperatureAs seenin the next section this
is nottruefor the oppositecase.

Thequadrature-phasmrrelationantennaemperaturd sy, measurecttheout-
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put portsis

Tant,y = 2Im{TC*} (cos® o —sin’ @) (T, — Tp) +
2Im{TC*} sin2aTy + (|T|* — |C|*) Ty  (4.36)

The polarizationdifferencecontritution hasa coeficient of 2Im{T'C*} (cos® & — sin” «).
It is clearthatcross-polarizatiorwouplingis principally responsibldor (7, — T3) mixing
into Tynr,v. The othererror components the in-phasecorrelationbrightnessiy with
amagnitudeof 2Im{T'C*} sin 2«. The introductionof Ty into T4nr,y IS interestingbe-
causdt requiresthe combinationof boththerotationalandcross-polarizatiowouplinger-
ror modes.Eachof thesemodesactingindividually doesnot causethird andfourth Stokes

parametemixing. If eitherC or « becomesgero,thenthe contribution vanishes.

4.1.4 Designimplications

Theaboverelationscanbeusedio computetheantennapecificationsufficientfor remote
sensingof obsened brightnessgemperature$rom a given sceneclass. Four parameters
shouldbe specified: returnloss, cross-polarizatiomiscrimination,port-to-portisolation,
and antennarotationerror. Known antennarotationsdueto platform attitude variations
canbecompensatedsinga polarizationbasistransformatiorof the measured®tokesvec-
tor[20]. Theunknavn antennaotatione, is assumedo besmallenougtthatthefollowing

smallangleapproximationganbe used:

cos2ap ~ 1 sin 20 & 2y

cos?ag ~ 1 sin? ap & 0
Usingtheseapproximationshe measure@ntenndgemperature$4.33)-(4.36)are

Tanty = (|T)? — Re{TC*}2c) T, + (|C|* + Re{TC*}2cxo) T}, +

1
5 (IT = |CP) 200 + Re{TC"}| Ty — Im{TC*}T}, (4.37)
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Tantp = (|C]* — Re{TC*}200) T, + (|T|” + Re{TC*}2cx) T, +

—%(|T|2—|C|2) 240 + RE{TC*}| Ty + Im{TC*}T, (4.38)

Tanty = 2Re{TC*}(T, + Tp) — (IT?> + |C|?) 200 (T, — T1) + (|T]* + |C*) Ty
(4.39)
Tanty = 2m{TC*HT, — Tp,) + 2Im{TC*}20Ty + (T — |C|?) Ty (4.40)
Onerequirementarisesfrom mixing of 7,, andT}, andthreefrom possiblecontamination
of Ty andTy :

(ICP? £ Re{TC*}2c) T, <&  from (4.37)and(4.38) (4.41)
12a0(T, — T)| <&  from (4.39) (4.42)
12Re{TC*}(T, + T})| <&  from (4.39) (4.43)
2Im{TC*}(T, —Tp)| <e  from (4.40) (4.44)

Thechoiceof ¢ is up to thedesignerhowever, theuseof ATx,s for e will ensurehatarny
systematieerrorwill besmallerthanrandomerrors.

Typical valuesof T, and T}, over the ocean,with 10 ms~! winds, and clear air
at53.2° from nadir have beencomputedusingthe microwave radiatve transfermodelof
Gasiavski andStaelin[23]. At 18.7GHz, T, + T}, ~ 308 K andT, — T, =~ 68 K. Using

thesevaluesands = 0.1 K, theconstraintsare:

IC]” <5.3-107* (4.45)
lop| < 7.4-1074 (4.46)
IRe{TC*}| < 1.6-107* (4.47)
Im{TC*}| < 7.4-107* (4.48)

Theseconstraintcanbe usedto determineantennadesignspecifications.The constraint
(4.45) limits the cross-polarizatiomixing betweenthe first two Stokes parameters.The

following XPD specificatiorwill ensurdessthan0.1 K mixing betweerl’, andT}:

XPD > 32.7dB (4.49)
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This specificationis typically attainableusing precisionsymmetricmicrovave antennas.

Accordingto constrain{4.46),rotationalerrorsshouldbe known to within ~0.05 in order

thatcontributionsof the polarizationdifferencerl’, — T;, bekeptto lessthan0.1K.
Themagnitudeof |Re{TC*}| is constrainedby (4.47). Accordingto (4.27),

Re{TC"}|
is boundedby |R||I|. Thefollowing specificationcanbe madeaboutthe returnlossand

port-to-portisolation:
RL + PPI > 75.8dB (4.50)

This requirementanbe met, for example,with 23 dB returnloss (VSWR=1.15)and53
dB port-to-portisolation. The isolation specificationis attainableat lower frequencies;
however, at 96 GHz anisolationof 30-40dB is state-of-the-arf9].
Meetingthesethreeconstraintd4.45-4.47)is necessaryor accuratelymeasuring
the first three Stokes parameters.To measurehe fourth Stokes parameterhowever, the
remainingconstraint(4.48) shouldbe metbecauseiseof the lessrestrictve XPD specifi-
cation(4.49)only limits mixing of the polarizationdifferenceinto 7y by afactorof 0.058.
For thegiven68 K difference the contaminatiorwould be 3.9 K. Thus,a morerestrictve
specificationon XPD is requiredto accuratelymeasurehe fourth Stokes parameter The
new cross-polarizatiorspecificationis found by combining(4.29) and (4.48) with the 23

dB returnlossand53 dB isolationspecificationsuggeste@bove:
XPD > 62.4dB (4.51)

This XPD requirements not lik ely attainableandsuggestshatmeasuremeraf 7y using

alinearly polarizedantennaanddirectpolarizationcorrelationis not optimal.

4.2 Digital Radiometer Calibration

Calibrationof adigital polarimeterentailsthe periodicidentificationof slowly time varying
systemhardware constants.For the total-pover channelstheseconstantsare the system

gain and offset. For the polarizationcorrelatingchanneltwo nev parameterfiave been
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introduced:the threshold-ofset product(2.36) in Section2.3.1.1andthe correlationbias
(2.49)in Section2.3.2. As will be shonvn, thesenewv parameterganbe estimatedusing
the simplehot andcold looks of unpolarizedvlackbodystandardssduring corventional

total-paver channekalibration.

4.2.1 Total-Power Radiometer Calibration
From(2.15),the outputof atotal-ponver channeis relatedto the antennaemperaturesti-

mateby:

2

wherethe left handsideis thelinearizeddigital variance andg, is the radiometersystem

-1 /3% - T
@ - = Yo (TANT,a + TREC,a) (4.52)

gain. Therecevertemperaturd zgc . is the systemoffset.
Thegainandoffsetcanbe estimatedy presentinghe radiometemwith two known
antenndemperaturesf differingvalues.Thedigital variancaneasurementorresponding

to the calibrationhotandcold antennaemperaturesdenotedl 2%, andTg%e, are:

~9 hot \ | —2
S —~ o -~
[@—1 (1 - ) =%, (Tg o 4 TREC,Q) (4.53)
~9 cold . —2
-1 Sa -~ cold s
o (1- % =%, (TCAL + TREC,Q) (4.54)
This systemis simpleto solve for g, andeEc,a:
_ 32 hot -2 _ 3\(21 cold -2
| e ) e
. T, — TEx, |
32 cold -2 _ 32 hot -2
e, P[0 (5 fa ()
TrECH = (4.56)

52 hot -2 _ g?x cold -2
o (1-57)] o (1= %)
With the two systemparametergroperlyidentified, the estimatedantennaemperatureas

measuredby thetotal-paver radiometeis

~ 1 [, 2\ -~
TANT, o = = o 11— 5 — TrECW (4.57)



4.2.2 Correlator Calibration

Estimationof the digital correlatorthreshold-ofiset product (2.36) and correlationbias
(2.49) systemconstantsanbe achiezed usingthe hot andcold calibrationlooks required
for the total-pover radiometercalibration. The expectedvalue of the correlatoroutput

givenanunpolarizedbrightnesdield attheantennanputis
Tablr, —o = Coms + €10 + 3P + 5% (4.58)
where
2 1 2 2
co = —bubyexp | —o(6; +6;) (4.59)
n

andcy, c3, andcs aregivenby (2.21). Thefifth-ordertermcs pj canbeignoredif py < 0.1,
whichis usuallythe case.

Thetwo calibrationtargetsprovide unpolarizedemissionat two differentradiation
intensities. Looking at both targetsin sequencerovidesthe digital correlationmeasure-
mentsrt andre9 for thehotandcoldlooks,respectiely. Usingthesetwo measurements

thefollowing systemof equationsanbeformed:

~hot hot~ hot~ hot~3
Tep = Cy  Tg+cCi Po~+ C3° Py (4.60)
~cold __ _cold~ cold~ cold~3

The coeficientsc!®t andcé' arecomputedby usingtherelative thresholdvaluesf”* and
g<ld, respectiely. Usingonly a third-orderexpansionin py allows the above systemto be

solvedanalyticallysuchthatthe estimateof the threshold-ofisetproductcanbe found by

~xcold cold cold~3
5_‘_\ _ Tapb —C1 Po—C3 Py (4 62)
b= C(c)old :

andanestimateof thecorrelationbiasis a root of the following cubic:

~h Cf)wt Id R Cf)wt Id R Cf)wt Id
ot €O ot CO ~ ot cOo ~3 __
( Tay + Cgoldrab ) + (cl Cgoldcl ) Po + <c3 cgoldc?’ ) P =0 (4.63)
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The solutionof a cubic equationis givenin [1, (3.8.2)]. For this particularcubicthereis
typically onerealroot anda pair of complex conjugateroots. Therealrootis the desired

solutionfor p, andis givenby:

W=

Po = [r + (¢* +17) %] [r —(¢*+ %) %] : (4.64)

whereq andr aredefinedas

( hot __ hOt cold)
1\¢ Ccold
q = g hot (465)
(Céwt _ cold Cgold)
(’\hot _ chot /\cold)
Tab Cold Tab
r= (4.66)

1
2 (Céwt _ CCI(ZZ C§Old)
Caremustbetakenin choosingthe properbranchof the cuberoots;otherwisethe solution
is straightforvard.

Once7s andp, have beendeterminedthe correlationcoeficient estimatep canbe

computedasfollows:

2

~ Ly €3 (~ 3 3 G\ ([~ =~ ol I
P=|—\Tab — Tab|p:0 ) Tab — Tab|p:0 + 3_3 6 Tab — Tab|p:0 — o

1

(4.67)
wherethe estimatedligital correlationbiasis computedasin (2.34):
~ ~ 2 1,0 9
Tablpmo = T - —babyexp | =5 (6 + 6;) (4.68)

Thereare two requiredcalibrationoffsets. The first is the correlationbias gy, which is
causedy correlated_O thermalnoise.The seconds thedigital correlationoffset ;| p=0
whichis causedy thresholdevel asymmetryandis appliedto thedigital correlatoroutput
prior to corversioninto the continuouscorrelationcoeficient. An estimateof the third

Stokesparametecansubsequentlype computedusing(2.5):

o~

CZ/—\’U = 25 Tv,sysj—\’h,sys (469)
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Table4.1: CorreIatomardv\areconstantandresiduaIfU offsets.

Band| Date Time| py s | ATRY AT gar,
uTC (K) (K) (K

3/1/97 1757| -0.17 -0.048|-0.077 -0.11 0.65
X | 3/4/97 2027|-0.20 0.020| -0.55 0.22 0.33
3/7/97 2132| -0.20 0.032 | 0.017 0.080 0.28
3/1/97 1757|0.053 -0.13 | 0.32 0.63 0.44
Ka, | 3/4/97 2027 |0.028 -0.060| 0.35 -2.8 11
3/7/97 2132| 0.012 -0.016| -0.36 0.18 0.78
3/1/97 1757| -0.20 0.032| 0.21 -0.044 0.23
Kap, | 3/4/97 2027|0.012 -0.016| -0.36 -1.7 0.67
3/7/97 2132| 0.19 -0.006| 0.069 0.19 0.54

The PSR operationalcalibrationalgorithmsutilized the precedingtechniquefor
the LabradorSeaexperiment. Table 4.1 lists several estimatef p, and s madeusing
unpolarizectalibrationlooksacquiredduringflightson March 1, 4 and7. SeveralTy; mea-
surement®f the unpolarizedcalibrationloadsarealsolisted. The valuesof p, aresimilar
to thosepredictedin Section2.3.2for radiometerswith significantLO noise. As seenin
Table4.1,thebiasin Ty is typically within ~ +0.4 K with the exceptionof the Ka chan-
nelsonMarch4. As evidencedby thestandardleviation,theKa channelsvereparticularly
noisy at thattime. Otherwise thesedataverify the effectivenesf the calibrationusing

two unpolarizedooks.

4.2.3 Verification of Polarimetric Calibration

A fully polarimetriccalibrationusing a polarizedtarget similar to that describedn [20]
was performedto determinethe effectivenessof the unpolarizedcalibrationmethodfor
the Ty channel. The calibrationtarget comprisedan ambientload, a cold load, and a
polarizing grid. The absorbematerialwas carbon-imprgnatedurethanefoam (similar
to Eccosor® brand). The cold load was constructedoy immersinga 56 cm x 56 cm

squareof the corvolutedabsorbein liquid nitrogen. Theliquid nitrogenbathcoveredthe
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absorbetips by at least0.5 cm to ensuretemperaturainiformity. The ambientload was
shroudedy astyrofoamjacket. ThetemperaturelifferencevasT},,; — T.oq =~ 210 K. The
polarizedtargetwasmountedo aturntablethatprovidedrotationaboutthe feedhornaxis.
The rotationalpositionwas measuredisingan optical encodemwith 0.25 precision. The

resultingpolarizedfield thatwaspresentedo theradiometeiis givenby:

T, cos?a  sinla - : v
T Thot + (1 — 7 1d
Tw| = | sin?a cos?a I7he V/=eo (4.70)
) ) t1Teota + (1 = £1)Thot
Ty —sin2a  sin 2«

wherec is the angularpositionof the calibrationtarget. The coeficientsr) andt, arethe
parallel-polarizedeflectionand perpendiculapolarizedtransmissioncoeficients of the
polarizinggrid.

The estimatedhird Stokesparameterasgivenin Section4.2.2,canberelatedto

theincidentpolarizedfield (4.70)by therelevantportionof (2.7):
Ty = 2(0)\/ Tsys wTsys p = guwTv + gunTh + guvTy + ov (4.71)

wherethe gainsgyv, guw, and gy, andoffsetoy areunidentifiedsystemparametershat
might have beenleft uncompensatebly the two-look non-polarizectalibrationprocedure.
ldeally gyy = 1 andgy, = gurn = oy = 0. Comparisonof measurementsf fU (as
providedby the calibrationstandard)vith the expectedpolarizedemission?,, T;, andTy
makes possiblethe determinationof the level of arny Stokes parametemixing, residual
correlationoffset,andcorrelationcoeficient attenuation.

Brightnessvector measurementat several valuesof o and one unpolarizedook

allows a systemof equationgo beformed,which canbe solvedfor the gainsandoffset:

Ty (cu) S

~ guv

TU(CVQ)

| =Gy | T +m (4.72)

~ guu

TU(an)

~ oy
TU(UP) - -
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Whereaj is the obsenation matrix and7 is the randomnoiseof the measurementThe

obserationmatrix is constructedasfollows:

To(ar) Tu(en) Tu(oa)
To(az) Th(ez) Tu(ae)
Cy= : : : : (4.73)
To(aw) Th(awm) Tu(am) 1

Tamb Tamb 0 1

1
1

wherethe brightnessemperature§,, T7;, andT; aredeterminedy (4.70)andT,,; is the
brightnessemperatureof the unpolarizedook. The measurementectorwas generated
by the following procedure.Initially, the radiometerantennavasalignedwith the polar
ized taget suchthat the incident Stokesfield wasT, = T}, T, = T, andTy = 0. The
measurementwere taken while rotatingthe target over an angularrangeof ~420. An
additionalpieceof absorbeat ambienttemperaturevasusedfor theunpolarizedook. Six
hundredradiometersamplesvererecordedandaveragednto two degreebins, resultingin
180points(for afull 360 rotation)with ~28 msintegrationtime perpoint (ATxrys ~ 0.4
K). Usingthe calibrationconstantgound from the two-look unpolarizednethod,the out-
putof the digital correlatorwascorvertedinto calibratedvaluesof Ty (c;) (i = 1...n) for
thedifferentanglesande(UP) for theunpolarizedook. Themeasurementectorandthe
columnsof the obsenation matrix areplottedin Figure4.2. By visualinspection,T;, and
T}, mixing into fU appeardo be non«istent,but the correlatoroutputis attenuated-75%
comparedo Ty .

Giventhe measurementectorandthe obsenationmatrix, the gainsandoffsetcan

bepreciselyfoundusingthe pseudo-inerse[57]:

S To(a = 1°)

guwv —~

Ty(a=3°)
/g\Uh = T= _r
_ (CU cU) Co ; (4.74)

quu —~

~ Ty (a = 359°)

oy ~
- Ty(UP)
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Figure 4.2: Plot of 37.0 GHz polarizedtarget measurementh(a) (heavy dottedline)
andthe obsenation matrix. The columnsof the obsenationmatrix areplottedasfollows:
T,(«) (dash-dot) T} («) (dotted),andTy (<) (solid).
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For the37.0GHz polarimeteythefollowing parametersverecomputed:

Gu -1.01 X 10—3-

Gun _ 4.94 x 10~ (4.75)
Juu 0.764

_BU_ i —0.444 |

First notablearethe small (<0.1%) T, and7}, cross-polarizatiogainterms.As predicted
by (4.39),minimizing Re{T'C*} prohibitedsubstantiatontaminatiorfrom 7,, and7},. Sec-
ond, the correlatoroutputis seento be attenuatedy gyy = 0.764, which is mostlikely
dueto samplerhysteresistiming skew, andpossiblythresholdasymmetryeffects. Subse-
guentpolarimetriccalibrationexperimentshave shavn thatthis attenuatiordoesnot vary
by morethanafew percenbver severalmonthsallowing a correlatorgaincoeficientto be
includedin theaircraftdataprocessingoutines.Finally, the offsetoy = 0.444 K is similar
to the valueslistedin Table4.1. Offsetsof this size correspondo correlationcoeficient

offsets~ 10~*, which arecloseto the designgoalssetforth in Chapter2.

4.3 In-Flight Calibration

In-flight calibrationis carriedoutusingthehotandambientemperatur@inpolarizedargets
integral to the PSRvertical supportstructure. The calibrationloadsarerecessednto the
vertical supportstructureso thatthe radiometersanbe pointedupwardsat 45° andview
eitherthe hot or ambientload. Figure4.3 shavs a CAD modelillustrating the positionof
the calibrationloadswith respecto the scanheadThe photographn Figure4.4wastaken
looking up from belaw thering bearingatthecalibrationloadswith thescanheademoved.
Eachcalibrationload is constructedut of 45 mm (1.75inch) corvolutedfoam absorber
(similar to the Eccosor® brand)with aluminumbackplategseeFigure4.5(a)). The alu-
minum frame and absorbingmaterialare both shroudedn 13 mm (0.5 inch) styrofoam
board. The hot load is heatedto ~65° C by heaterstripsthat are gluedto the aluminum

backplates. Both calibrationloadshave eight resistve temperaturadetectors(RTD) at-
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Figure4.3: Three-dimensional AD modelof thecalibrationtargetsandthescanheadThe
119

verticalsupportstructurewasnotrenderedor clarity.



Figure4.4: The PSRcalibrationloadsand elevation motor viewed from below the ring
bearingwith thescanheadot installed.
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Figure4.5: PSRcalibrationtargets: (a) cross-sectiomf PSRcalibrationload, (b) steady-
statetemperaturerofile for the steady-statenodel, (c) finite-differencegrid for the tran-
sientthermalmodel.
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tachedto the aluminumbackplates.The RTDs are connectedn three-wireconfiguration
to atemperatureneasuremergystemcalledthe Tempscarunit from OmegaEngineering.
The Tempscans mountedo thetop of theverticalsupportstructureto keepthe RTD wire
lengthsasshortaspossible.The Tempscaracquiresemperaturelataevery 15 secondsand
transmitsthe datato the secondarycabin PC over an RS-232serialdatalink. Thesedata
arestoredonthe harddrive for laterusageby theradiometeicalibrationalgorithms.
Becausef time andcostconstraintsthe absorbematerialusedhada low thermal
conductvity, which causeda longitudinal temperatureggradientto extend from the alu-
minum backplatethroughthe absorbeto the foam shroud. A third calibrationpoint, the
coldsky, is usedto characterizéhecalibrationloadssoanaccurateestimateof theemission

temperaturesanbemade.Theemissiontemperature$,,, of theloadscanbemodeledoy:
d

T = / W (2)T(2)dz (4.76)
0

whereW (z) is theweightingfunctionandT’(z) is thetemperaturerofile. Theweighting

functionis assumedo be simply
W(z) = 6(z — z) (4.77)

suchthatthe emissiontemperatureas T,,, = T(z). A steady-statéhermalmodelis de-
scribedhereandusedto find valuesof z, for eachof the PSRS frequeng bands.With the
calibrationloadscharacterizeth steady-stateg finite differencemodelis usedto calculate
the unsteady-stateemperaturegesponsevithin the calibrationload during aircraft sorties.
The backplateand ambienttemperaturedataare usedas forced boundaryconditionsto
drive thetemperaturevithin the absorberThetime domaincalculationsof temperaturet

positionsz, canthenbeusedto calibratethetotal-poverradiometers.

4.3.1 Steady-StateModel

The calibrationload materialandthe styrofoamareboth urethandoamsandareassumed

to have similar thermalpropertiegseeTable4.2). Using this assumptionthe steady-state
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Table4.2: Thermalpropertiesof urethandoam.

Symbol Value Description
p 30kgm=3 density
k 0.024Wm~t°C~! thermalconductvity
c 1000Jkg=teC-t heatcapacity

temperaturerofile throughthe load hasa constanigradient(seeFigure4.5). At the sty-
rofoam/airinterface,however, the temperaturerofile is no longerlinear becausef con-
vection. This transitioncanbe modeledby a discontinuity The steady-statéemperature
profileis

Tp+mz 0<z<d
T(x)= (4.78)

Teo z>d

whereTr is thebackplateemperaturand’,, istheambientair temperatureTheslopem
or gradientof thetemperatur@rofile dependsipontheheatflow atz = d. Thetemperature
atz = d is commonlycalledthewall temperaturd’,, = Tp + md. FromFourier’s law of
heatconductionrandNewton’s law of cooling,the steady-statbeatflow equationatz = d
is

—km = h(Ty — Two) (4.79)
The coeficient of heattransferh dueto corvectionis difficult to modelbecausehe major
influencingfactoris theairflow attheinterface.Thecalibrationloadsarerecessedhto the
aircraft,andtheeffectuponthesurroundingair from thepassingslipstreamatthescanhead
andring bearingis unknovn. A methodis developedherewherebythe parameter is

identifiedin flight usingthe cold sky looksin additionto the hotandambienttargetlooks.

TheemissionemperatureanbeparameterizedndevaluatedusingZ’» andT,, by:

Tem = ’YTP + (1 - ’Y)Too (480)
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wherethe parametety is relatedto thetemperaturgradient:

Ty

=m0 11 .
Myt (4.81)

v

In this formulation,othereffectssuchascalibrationtargetreflectvity andbeamspill-over
areinherentlyincludedthroughthe parametery. Sincem, h, and~ arerelatedby (4.79)
and(4.81),theparametery will bedeterminedy usingthesky looksandthenusedto find
h.

Duringthe LabradorSeaexperiment severalsky lookswereexecuted.To pointthe
radiometerstthesky, thescannewaspositionedookingto starboarcata 60 nadirangle.
The P-3 then commencedhree successie 60° left rolls at ~6.1 km (20,000’) altitude,
which pointedthe antennas3(®® above the horizon. The sky temperaturevas calculated
usingatmospheriprofilesmeasuredby five radiosondeghatwerelaunchedrom theKnorr
from March1 through9. Theradiosondgrofilesterminatecht~100mb, sostatisticaldata
wereusedto augmentto profilesto 5 mb. Using the microwave radiative transfermodel
of Gasiavski andStaelin[23], the sky temperaturevascomputedor the elevationangles
andaltitudesof the PSRduringthe 60 rolls. Thevaluesof T, rangedirom ~4 to 8 K at
30° above the horizonfor X- throughKa-bands.During asingle6( roll therewere~500
radiometeisamplegecordedat 20°- 30° elevation.

Takingthehot,ambientandsky lookstogetheranobjectivefunctioncanbeformed
whoseminimizeris « for eachfrequeny band. Whenlooking at the sky, the radiometer

detectorvoltageu; is relatedto the measuredrightnesgemperaturdy

A~

Topy = gvg+ o0 (4.82)

whereg ando arethe systemgainandoffset. Usingthe hotandambientcalibrationloads,

thegainandoffsetare

Tc -1 cT - Tc
hooand o= iR T Thle (4.83)
Ve — Up, Ve — Up

g:

Thetemperatured, andT}; arethe emissiontemperaturesf the hotandcold calibration
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Table4.3: Valuesof z, and~ for threePSRradiometetbands.

Band X K Ka
o 31.6mm 30.6mm 33.1mm
y 0.6632 0.6739 0.6470
Oy 0.0156 0.0190 0.0303

AT s 2.4K 2.8K 47K

loadsandarefoundusing(4.80)
T.=vTp.+ (1 — 7)T) (4.84)
Th=9Tpp+ (1 —7)Tw) (4.85)
By usingthe computedbrightnesstemperaturedor T;,, and knowing T, andthe cal-
ibration load backplatetemperaturesthe parametery can be found by minimizing the
following:

5 (T = Tors) (4.86)

wherethe sumis over all the sky look samples.The modeledsky temperaturdor thei-th

sampleis denotedly, ;, andthe estimatedsky temperaturélky,i is givenby (4.82)-(4.85).
Table4.3lists thevaluesof v found usingthe availablesky looksfor eachchannel.

Theabsolutecalibrationof theradiometerss limited by the variability o, of theestimates

of v:
AT, = %(Tp ~T) (4.87)

The standardleviation o., for eachfrequeng channeWwasfoundfrom the setof 20 values
of v that were computedusing datafrom ten steep-rollsperformedduring five different
flights. The absolutetemperaturaincertaintiedor the differentPSRfrequeng bandsare
listedin Table4.3with T — T, ~ 100K.

The heatflow equation(4.79) at the corvective boundarycan be rewritten using

(4.78-4.81):

(A =9)/x
h_kl_d(l_ry)/xo (4.88)
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The coeficient of heattransferh dueto corvectionis fundamentallyindependenof the
microwave frequeng, andthe frequeng dependencef v andxz, mustcancel.To hold A
constantthe term (1 — )z, ' mustremainconstantandis assumedo have an average
broadband/alue:

Loy _1-7 (4.89)
Lo Lo

where? is the averageof the valuesin Table4.3 andz, is the broadbandemissionpoint
within theabsorbeprofile. Thevalueof z, is assumedo be 38 mm (1.5in), suchthatthe
broadbandmicrowave emissionoriginatesat the midpointbetweerthe tips andvalleys of
the cornvolutedfoam absorber This assumptioris consistenwith modelresultsobtained
for wedgeabsorbewith awidth to heightratio nearunity [36]. With theseassumptionghe
valueof A is calculatedo be0.6554W m~2 °C~!. Thecompletedsteady-statenodelcom-
prisesthe two boundaryconditions(the backplate andthe cornvectionboundary)andthe
valuesof z, for eachfrequeng band. During a sortie,however, the ervironmentdoesnot
remainin steady-statetherefore a transientmodelis neededo computethe temperature

profile throughoutheflight.

4.3.2 Transient Model

A one-dimensiondinite-differencetransientmodelhasbeendevelopedto solve thetime-
dependenheattransferproblemfor a calibrationload during anaircraftsortie. The back-
plateandambientemperatureareusedasforcedboundaryconditionsto drive thetemper
atureprofile within theabsorberUsingthecorvectionboundaryandvaluesof x, thatwere
estimatedusingthe steady-statenodel,the emissiontemperaturesanbe estimatedor an
entireflight. The following is the time-dependeniheatequation,which is approximated
andsolvedusingthefinite-differencetechnique:

T  oT

wherep is the materialdensityandc is the specificheat(or heatcapacity)of the material.
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The finite differencegrid is constructedusing M equally spacedpoints between
the calibrationload backplateat m = 0 andthe corvectionboundaryat m = M (see
Figure4.5(c)). Thegrid spacingwaschosernto be Az = 1mm. The spatialderivative at

grid pointm canbeapproximatedisinga centraldifference:

a2T ~ Tm+1 - 2Tm + Tm—l

dz? (Az)? (4.91)
Thetime derivative is approximatedisinga singlesidedforward difference:
T TP+l _ TP
o -1 (4.92)

AN
Thesetwo differencescan be substitutedinto (4.90) and the time stepequationcan be

found. By setting

Az)? _ k
(a 2 =2 with = (4.93)
thetimestepequationis
o+t = Tt * T ;r T (4.94)

With Az anda specifiedthetimesteps At = 0.625sec.
Theboundaryconditionatm = 0 is enforcedby assigninghe nodetemperaturet

timestepp to thebackplateemperaturatt = pAt:

The convectionboundaryconditionis achieved by balancingthe enegy flow at the wall
usingsingle-sidedlifferenceapproximationg33, eqn4-33]:

TF |+ BTE . _ hAz
=g with § = —— (4.96)

T
andT? = T, (pAt), whichis the staticair temperaturas measuredy the P-3 erviron-
mentalsystem.The modelis run for eachflight andthe calibrationload emissiontemper
aturesaretakento beT'(z,) ascomputedoy the transientmodel. For example,Figure4.6

shavs the computedemissiontemperaturegor theflight on March7.
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Figure4.6: Computedcalibrationload emissiontemperature$or the LabradorSeaflight
onMarch7.
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4.3.3 Comparisonof PSRbrightnesstemperaturesand the cold sky

To verify the performancef the calibrationalgorithms calibrated® SRbrightnesgemper
atureswere comparedwith the modeledcold sky temperaturesThe cold sky lookswere
usedto obtainthe parametery for the steady-statenodel,however, the comparisorin this
sectionverifiesthe utility of the time-domainmodelfor calibratingthe radiometers.Ta-
ble 4.4 lists threerepresentatie casedor comparison.The meandifferencebetweenthe
calibratedandmodeledbrightnesgemperaturefor ~400 sampleds <3 K, which s near
theaccurayg predictedin Table4.3. The X-v, X-h, andKa-h channelson March 9, how-
ever, exhibiteda largerthannormaloffsetof abouttwice the predictedaccurag. Thus,the

accurag of time-domaincalibrationalgorithmis concludedo be 1-2 timesthe predicted

accurag or AT, ~ 4-8K.
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Table 4.4: Comparison®f PSR brightnessemperaturesind modeledcold sky temper

aturesfor threerepresentatie 60°-roll obserationsduring the LabradorSeaexperiment.
TheT;, Ka-bandchannekxhibitedalargerthannormaloffsetduringtheflight onMarch9,

yetthe offsetwasonly ~2.5timesthe standardieviation predictedn Table4.3.

scanl, sample$40-1000
elevationangle= 61.4, altitude=5.7km
3/7197 modeled measured mean standard
Tiry Tiry difference deviation
PSRChannel| (K) (K) (K) (K)
X-v 3.65 3.67 0.02 0.49
X-h 3.65 2.36 -1.29 0.76
K-v 4.05 1.89 -2.16 2.16
K-h 4.05 4.00 -0.05 1.55
Ka-v 7.20 6.91 -0.29 0.91
Ka-h 7.20 5.70 -1.51 0.41
scan2, sample$70-1100
elevationangle= 60.3, altitude=5.7km
3/7197 modeled measured mean standard
Tiry Tiry difference deviation
PSRChannel| (K) (K) (K) (K)
X-v 3.69 5.26 1.57 0.50
X-h 3.69 3.70 0.01 0.79
K-v 4.10 3.89 -0.21 2.22
K-h 4.10 4.82 0.72 1.60
Ka-v 7.38 6.73 -0.65 1.13
Ka-h 7.38 7.40 0.02 1.12
scanl, sample$00-750
elevationangle= 59.9, altitude=5.6km
3/9/97 modeled measured mean standard
Tsry Tsry difference deviation
PSRChannel| (K) (K) (K) (K)
X-v 3.71 7.68 3.97 0.45
X-h 3.71 -1.67 -5.39 0.73
K-v 4.14 3.84 -0.30 2.05
K-h 4.14 4.30 0.16 1.46
Ka-v 7.49 9.73 2.24 1.18
Ka-h 7.49 -3.77 -11.27 0.56
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CHAPTER 5

Geophysical Model Function

An empiricalgeophysicaimodelfunction(GMF) for brightnessemperatur@vertheocean
is describedn this chapter Themodelcontainsboththeazimuthalwind directionharmon-
ics (for thefull Stokesvector)andtheazimuthally-aeragedzeroeth-ordecomponentgfor
the first two Stokes parameters).The primary geophysicalparametersn the modelare
wind speedwind direction,and atmospheridransmissiity. The first- and second-order
harmonicamplitudecoeficientsof thewind directionharmonicsveremeasuredisingthe
PSRduring the LabradorSeaexperiment. Thesemeasurementaere for the first three
Stokesparametersit 10.7,18.7,and37.0GHz at wind speedgrom 0.4 through16 ms.
TheT, andT}, resultsarecomparabléo thoseobtainedusingthe SSM/I satelliteradiometer
[66, 4], thusvindicatingbothmeasuremertchniquesTheTy arecomparabldo recently
publishedixed-beanradiometerircraftobsenations[69] for wind speeddelov 5ms.
Similar trendsareobseredfor wind speedsigherthan5ms-!, but the coeficientsof the

PSRfirst-orderharmonicmeasurementaresmallercomparedo the otheraircraftdata.

5.1 Background

The PSRgeophysicamodelfunction relatesthe wind speedanddirection, typically ref-
erencedo 10 m above the surface,to the directionally dependenStokes vector that is
obseredoverthe ocean.Theobseredbrightnessemperaturelependsiponthe polariza-

tion andfrequeng, andat leastthe following geophysicaparameterswind speedwind



direction,watertemperatureandatmospheri¢ransmissiity. Obsenationsmadeusingthe
SSM/I[66] alongwith wave tank data[21] andemissionmodels[42] suggesthatthe az-
imuthaldependencef the brightnessemperatureanbe well modeledby a second-order
harmonicexpansionincludingthe effectsof thesevariables.The generaform of the GMF

for achannebf onespecificfrequeng is:

[ Qo Qy1 Qy2 -
4t cos (¢ — ¢y,) + cos (2 (¢ — ¢w)]
Qho a1 Qp2
Ty = (5.1)
bui\ | bya \ .
t sin (¢ — ¢w) + sin [2 (¢ — ¢w)]
| by by i

whereg,, istheupwinddirection,t is theatmospheri¢ransmisstity, ande¢ is theazimuthal
viewing direction definedby the righthandcoordinatesystemin Figure5.1. 5.1. The
azimuthalcoordinateis alignedwith the compasgosesuchthat 0° is north, 90° is east,
etc. Thefirst- andsecond-ordeharmoniccoeficientsa,; andbg;, « = vorh, 8 = U or
V,and: = 1 or 2 areprimarily wind speeddependentand canbe determinedby either
modelingor measurementn thisinvestigationmeasurementssingthe PSRareanalyzed
to determineseveralof thea,; andbg; coeficients.

Unlike the third andfourth Stokes parametersthe first two parametergontaina
large zeroeth-ordecomponenof the harmonicexpansiondueto the combinedbulk ther
mal emissionfrom the oceanand atmosphere.Thesea,o termsare a strongfunction of
wind speedandcanbewritten:

w ) _(Tr) <5> Tw+<1_5”> Tp, (5.2)
Gho Tpy En s 1—¢p s
whereTpy andTp, arethe upwelling anddownwelling atmosphericonpolarizedoright-

nesscontrikbutions, e, is the oceansurfaceemissvity andT,, is the physicaltemperature
of the oceanskin. Within this expression the surfaceemissvity is azimuthallyaveraged
asdenotedy (-), andis assumedo modeltheradiative propertiesof wind-roughenedea

waterandfoam.
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Figure5.1: Polarcoordinatesystenfor the GMF. Theazimuthcoordinatep is alignedwith
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Upon examinationof the GMF in (5.1), two importantsignal characteristicare
noted. First, the azimuthaldependencef the third and fourth Stokes parameterss in
phasequadraturewith respectto the dependencef the first two Stokes parameters.As
will beshawvn in Section6.4.2,this characteristienablegheretrieval algorithmto resohe
mostdirectionalambiguities.Secondsmall fluctuationsin atmospheri¢ransmissior{and
hencel's, andTp,) dueto watervaporor cloudsdo not substantiallichangethe valuesof
Ty andTy; suchvariationsoccuronly in amplitudethroughrelatively small variationsin
t andbg; andbg,. Furthermorethethird andfourth Stokesparametersireeffectively zero
meanwith respecto azimuthanglé. From(5.2),however, thevaluesof T, andT}, areseen

to besignificantlyaffectedby variationsin theatmospheri¢ransmissiorandemission.

5.2 Aircraft Measurements

The wind-speeddependencef the harmonicamplitudeswas measuredisingthe PSRat
sevendifferentwind speedsangingfrom 0.4to 16 ms~! duringboththe LabradorSeaEx-
perimentandassociatedlights over buoys off the easterrshoref MarylandandVirginia.
Theflight patternusedto measurehe azimuthalbrightnessemperatureignatureor each
caseconsistedf six straightandlevel flight legs organizedin threepairs,each60° apart
in heading.Eachsuch“hex-cross”pattern(seeFigure5.2) coveredan areaof ~900 km?

(a sizesimilar to that of a satellitemicrovave radiometerfootprint) and occurredover a
~50 minutetime period. Flying the threeheadingshasthe effect of minimizing ary arti-

factsin the datathatweredependenbn the slip-streanflow acrosghe scanheadNo such
patternswerediscerniblein the channelausedin this study however, the Ka-bandanalog
andK-banddigital channelsxhibitedthesetypevariations(asdiscussedh Chapter3) and
werenotusedin calculatingthe GMF. Thedatacollectedduringatypical hex-crosspattern
consistedf ~150full conicalscanswith ~227 samplegperscanandatanelevationangle

of 53.1° from nadir (the SSM/l incidentangle).Hex-crosspatternsvereflown at6,100m

That Ty and Ty are azimuthally zero-mearis not an intrinsic property of all surfaces,but rathera
physicalpropertythatappearso hold truefor theocean.
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Figure5.2: Hex-crossflight patternusedfor PSRobsenationsof ocearwindson March4,
1997. This flight track is typical of the hex-crosspatternsperformedduring the OWI
LabradorSeaexperiment.
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Table5.1: PSRwind directionharmonicobsenationsduringthe OWI/LabradorSeaexper
iment

U1 Tir w Date Time Surface
(ms™h)  (°C) (°C) (UTC) Truth
0.44 10 9 3/10/97 2200 Buoy #44014
3.4 10 7 3/10/97 2100 Buoy #44009
11+0.5 -9 3 3/9/97 1530 R.V. Knorr
124+0.4 -7 3 3/7/97 1700 ”
126 +0.3 -7 4  3/7/97 1800 ”
13616 -9 3 3/3/97 1500 ”
16+03 -12 3 3/4/97 1600 ”

(20,000ft) altitudeonsevenoccasionandatsix locationsbetweerMarch3 andMarch 10,
1997,(Figureb.3).

All hex-crosspatternswere centeredover a sourceof surfacewind truth. For the
Virginia flights the truth was obtainedfrom fixed buoys operatedoy the NOAA National
DataBuoy Center(NDBC), andfor the LabradorSeaexperimentthe truth was obtained
from meteorologicalsensorsaboardthe R. V. Knorr. The two locationsoverflovn on
March 10 were NDBC buoys #44009and#44014andthe remaininglocationswere cen-
teredover the Knorr in the LabradorSea. In-situ truth includedmeasurementsf surface
winds and oceanand air temperatures Atmospherictransmissiity was calculatedusing
temperatur@andmoistureprofilesmeasurementsom four radiosondetaunchedrom the
Knorr nearthetimesof theaircraftoverflights. Thewind speedandenvironmentalcondi-
tionsfor the sevenmeasurement@representedn Table5.1.

As anexample themeanazimuthabrightnesgemperatursignaturesindharmonic
approximationsneasurean March9 from 1500-1600JTC areshowvn in Figure5.4. The
wind speedwas10 ms—! + 0.6 ms~! during the datacollection. The first- and second-
orderharmonicamplitudesveredeterminedusinga least-squareft to the scan-aeraged
azimuthalsignature. As illustrated by the +1¢ fit-error curves, radiometricnoise and

brightnesstemperaturevariability of geophysicalorigin influencedthe variancesof the
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cutedat thesesix locationsto develop the microwave azimuthalgeophysicamodelfunc-
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Figure5.4: PSRazimuthalharmonicsfrom March 9, 1997 exhibiting the wind direction
dependencef thefirst threeStokesparameterat 10.7,18.7,and37.0GHz. (Datafor Ty at
18.7 GHz wasunavailable.) Thewind speedvas10 ms—! £0.6 ms~! from 1500to 1600
UTC asmeasuredy the Knorr. The solid linesrepresenthe reconstructegecond-order
harmonicexpansionsandthedashedinesarethe +1o7 errorcurvesfor 170full azimuthal
scans. Individual points indicate meanmeasuredrightnessdeviations. The 37.0 GHz
SSM/I globalaveragewind directionharmonicsgdenotedoy solid lines, areshiftedby —2
K for clarity.
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harmonicamplitudemeasurementsy lessthan~5%. For comparisonthe 37 GHz SSM/I
globalaveragewind directionharmonicgrom [66] for awind speedf 10m s areplotted
with a-2 K offset.

The PSRGMF shavs adistinct2-3 K variationwith strongfirst- andsecond-order
harmonicdependencé the vertical and horizontalpolarizations respectrely. For both
polarizations the amplitudesof the dominantharmonics(i.e., a,; anday;) increasewith
frequeng. Furthermorethe measurederticalandhorizontalharmonicamplitudesat 18.7
GHz and 37.0 GHz exhibit excellentagreementwith the SSM/I global averagewind di-
rectionharmonics.Although slightly lower in amplitude,the PSR10.7 GHz wind direc-
tion harmonicsare otherwisecomparableo the 37 GHz SSM/I harmonics.Of particular
interestis the strong(~1 K amplitude)first harmonicpresentin the third Stokes param-
etersignature.The large first harmoniccontentof this signatureis indicative of a strong
windward-leavard asymmetryin the oceanwave structure. The Ty signatures clearlyin
phasequadraturavith the T, andT}, azimuthalsignaturesThesemeasurementresimilar
to theoreticamodelingresultsobtainedoy KunkeeandGasiavski [41] usinganasymmet-
ric wave geometricabpticsmodel.

The harmonicanalysisof Figure 5.4 was performedfor the remaininghex-cross
patternswith the resultscompiledin Figure5.5. The first- and second-ordeharmonic
amplitudesareplottedascirclesandsquaregrespectrely) alongwith wind speecandam-
plitudeerrorbars.Thewind-speedlependencef theharmoniccoeficientsis estimatedy
aleast-squareguadratidit, asshavn usingsolid lines. The parametersf thesequadratics
definethe GMF andaredetailedin Table5.2.

5.3 Discussion

Several obsenationsaboutthe GMF harmoniccoeficients (shovn in Figure5.5) canbe
made First,thewind speedlependencef theharmoniccoeficientsis broadbandn nature,

thatis, the samegeneraltrendis seenfor eachStokes parameteover almosttwo octaves
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Figure5.5: Microwave brightnessemperaturdnarmonicamplitudesversuswind speedat
10 meterheightfor the first three Stokes parameterst 10.7,18.7,and 37.0 GHz. (Data
for Ty at18.7 GHz wasunavailable.)Opencirclesandsquaresepresentfirst- andsecond-
orderharmonicamplitudes respectrely, andthe amplitudeerror barsrepresenthe +1o
boundson the estimateof the amplitudecoeficients. The wind speederror barsare the
+10 boundson the Knorr wind speedmeasurementsr the gustspeedof the buoy mea-
surements.The solid lines are quadraticfits to the data. The dashedanddottedlines are
the SSM/I measurementsf Wentz[66] andBates.et al. [4], respectiely.
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Table5.2: Quadratidit coeficientsfor thewind speeddependencef the harmonicampli-
tudesasdeterminedrom PSROWI LabradorSeaflights.

f parameter ¢ 1 Ca
(GHz) (K) (Km=ts) (Km2s?)
10.7 Uyl -0.1022 0.1693 -0.0066

10.7 Ay2 0.0090 -0.0294  0.0026
10.7 an1 -0.1713 0.0715 -0.0028
10.7 179 0.1245 -0.0906  0.0019
10.7 by -0.1532 0.1094  -0.0027
10.7 by 0.0673 0.0154  0.0015
18.7 (1 -0.2229 0.2432  -0.0087
18.7 Ay2 -0.1115 0.0271  -0.0008
18.7 an1 -0.1336 0.0762  -0.0021
18.7 an2 -0.4398 0.0006  -0.0027
37.0 ay1 -0.2243 0.2570  -0.0079
37.0 Ay2 -0.0124 -0.0526  0.0034
37.0 an1 -0.2433 0.2537 -0.0124
37.0 179 0.2347 -0.0849 -0.0013
37.0 by -0.1062 0.1354 -0.0029
37.0 bua -0.0265 0.0314  0.0003
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in frequeny. Onedistinguishingcharacteristids that the coeficient valuesincreaseby
~50%in amplitudefrom 10.7to 37.0GHz. The nearlyidenticalvaluesbetweenl8.7and
37.0GHz, however, agreewith the obsenationmadeby Wentz. A secondeaturepertains
to the vertical polarization. Here, the first-orderharmonicamplitudea,; increaseswith
wind speedandsaturatest~12 ms~!, while the second-ordeharmonicamplitudea,, is
almostzeroexceptfor wind speeds>15ms~!. Thehorizontalpolarization however, hasa
dominant(negative) second-ordeharmonicwhoseamplitudea;, increasesnonotonically
with wind speed.Thesmallerfirst-orderharmonicamplitudea;; peaksat~12ms-t. The
third Stokesparameteexhibits bothsignificantfirst- andsecond-ordelnarmonicswith the
first-orderharmonidbeingdominant.Both amplitudecoeficientsb;; andby, increaseavith
wind speedandexhibit no saturatiorover the rangeof availablewind speeds.

Also shavn in Figure5.5 aresatelliteharmonicamplitudemeasurementsom the
SSM/I for comparison. Harmonic coeficients determinedoy Wentz [66] are shovn as
dashedines for vertical and horizontalpolarizationsat 37 GHz, andthoseat 19 and 37
GHz asdeterminedn an independenstudy by Bateset al. [4] are shavn using dotted
lines. ThePSRharmoniccoeficientscompardavorablywith satellitemeasurementmnade
by Wentzand mostly so (but somevhatlessso) with thoseof Bateset al.. In the vertical
polarization,the PSRfirst-orderharmonicamplitudesshov generalconsisteng with the
amplitudesof both Wentz and Bateset al. over the full rangeof wind speeds. While
thereis excellentagreemenwith the WentzSSM/I measuremerdt3.4ms—! (asindicated
by the +10 error bars), thereis, however, a ~0.3 K discrepeng with the Bateset al.
result. This discrepeng might be attributableto the fact that oceansurfacewind speed
for the Wentz studywas measuredisingin-situ mooredbouys,while the investigationin
[4] relied heavily uponERS-1and-2 scatterometeretrievals for the surfacewind speed
measurementsHowever, the PSRfirst-ordervertical harmonicamplitudesat 10 and 16
ms-! agreewell with the Bateset al. measurementandthe PSRsecond-ordevertical
harmonicamplitudesagreeclosely with both satellite datasets. Additionally, the PSR

second-ordeharmoniccoeficientsexhibit azerocrossingat~14 ms-! similarto thezero
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crossingof Bateset al. at~9mst.

In the horizontalpolarizationthe PSRharmoniccoeficientsshov generalconsis-
tengy (asindicatedby the +1¢ error barsin varying instances)with resultsfrom both
satelliteinvestigations. Here, the PSR first-order horizontalharmonicamplitudesagree
bestwith Wentzfor wind speeds$10ms~! andhave someagreementvith Bateset al. for
wind speeds>10 ms~!. The PSRdatado agreewell with the Bateset al. measurements
in the 19 GHz channeldor wind speeds<14ms-!.

In contrastto the vertical polarization,however, the harmonicamplitudesasmea-
suredusingthe PSRandby WentzandBateset al. areseento bemorevariable. The PSR
second-ordehorizontalharmonicamplitudedatamatchthe trendof the Wentzamplitude
measurementsiowever, the Bateset al. resultsexhibit a zerocrossingat 15ms-! for 37
GHz thatis not presentn eitherthe PSRor Wentzdata. Indeed,the differencebetween
the two satellitemeasuremengetsat 37 GHz and6 ms~! is ~0.4 K. The variability in
thefirst-orderharmonicamplitudeat horizontal(andto someextentvertical) polarization
suggestghat the oceanwave hydrodynamicandair-seainteractionprocessesesponsible
for the upwind-davnwind asymmetryin the surfacewave structurearethemseleshighly
variable. While the wind speeds fairly well correlatedto the harmoniccoeficients, ad-
ditional processeshat drive the oceanwave spectraldevelopmentsuchas fetch, ocean
currents boundarylayer stability, andthe presencef longwavesandsurfactantscould be
contributing factorsto the ervironmentaldependencef theazimuthalsignatures.

ThePSR10.7and37 GHz Ty harmoniccoeficientsby; andby, aredisplayedn the
righthandplots of Figure5.5. Both thefirst- andsecond-ordecoeficientsaresignificant,
with b1 beingdominant. The 37 GHz measurementareabouttwice aslarge asthe 10.7
GHz harmonicamplitudes.This characteristics consistentvith thefrequeng dependence
obsened for the vertical and horizontalpolarizations. Quadraticfits were computedfor
thesedataandareshowvn asthe solid lines. As indicatedby the error bars,the PSRdata
are well modeledby the quadraticwind speeddependenceln fact, thereappeargo be

little or nowind speedsaturatiorupto ~ 16 ms-!. Comparisorof satellitemeasurements
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Figure5.6: Third Stokes parameteharmonicamplitudesversuswind speedat 10 meter
heightfor 37.0GHz. Opencirclesandsquaresepresentirst- andsecond-ordeharmonic
amplitudeshy; andby., respectrely. The errorbarsarethe sameasfor Figure5.5. The
solid anddashedines arequadraticfits to the PSRdata. The dottedanddash-dottedines
aretheexponentialfunctionfits givenby Yuehet al. [69].

to the PSRTy modelis currentlynot possiblebecausesatellitepolarimetersaarenot yetin
operation.

ThePSR37.0GHz Ty measuremen@replottedin Figure5.6for comparisorwith
fixed-beanmpolarimetricmeasurementseportedby Yuehet al. [69]. The samesymbolic
notationis usedasfor Figure5.5. The Yuehet al. datawere obtainedusinga 37 GHz
fixed-beanpolarimetemmountedto anaircraft. Circle flights were performedto allow the
radiometerfootprint to dwell on a singlespotof the oceansurfaceat 55° incidenceasthe
azimuthanglevarieddueto aircraft motion. Exponentialfunctionfits of b;; andby, are
givenin [69] andplottedasthe dottedanddash-dottedines, respectiely. The Yuehet al.
by, functionis ~1.5-2timesthe amplitudeof the PSRGMF for wind speed>10 ms™!.
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Theby, curvesexhibit thissamecharacteristi@at~ 10ms~!. Otherwisethetwo functions
agreewell for wind speeds<5 ms~! andthesecond-harmonicurvesintersectat15ms=1.
Several potential causedor the discrepang at 10 ms™! exist. First, therecould be an
errorin estimatingthe atmospheri@ttenuationLine of sightattenuatiorof ~0.54dB was
reportedoy Yuehet al. comparedo anestimateof ~0.31dB for the PSRmeasurements.
Accordingto (5.1), the amplitudeof 73, variationis directly proportionalto atmospheric
transmissrity ¢; however, a 3 dB errorin atmospheriattenuatiorwould be necessaryo
generatehe obsened 100% difference. Sucha grosserror is unlikely. The size of the
geographicareaover which the measurement&ere madeis a secondpossiblecausefor
thedifference.The footprint caston the oceansurfaceby thefixed-beanpolarimeterused
by Yuehet al. was~1 km across.The PSRmeasurement$iowever, were madeover an
areaof satellitefootprint proportions(~30 km), and thusvariationsin wind speedwere
smoothedoy averagingthe PSRscans.Additionally, the Yuehet al. measurementaere
madeoff thecoastf California,Maryland,andVirginia,asopposedo thePSRhighwind
speedneasurementverthelLabradorSea.Geographi@andseasonalariationsmightplay
animportantrole in determiningthe signature Finally, onemustconsiderthe existenceof
calibrationerror The PSRdigital correlatorsdid exhibit a nonidealgainof <1, however,
theauthorbelievesthatthe groundbasedoolarimetriccalibration(Chapterd) successfully
compensatetbr the effect. The consisteng of the LabradorSeameasurementsetween
sortiesand betweenthe X-band, Ka subband-1andKa subband-Zhannelsupportsthe
stability of the calibration.

The model function agreeswell in the meanwith comparableanisotropicwind
emissionmodelsfrom independenSSM/I satellitestudieg[66, 4]. This is not to saythat
the oceansurfaceemissiornphenomenas completelyunderstoodevenon anempiricalba-
sis. Indeed,it is notedthat significantgeophysicahoisecanoccurwithin a givenspot,in
particular for the higherfrequeng channelsandfirst two StokesparametersSuchnoiseis
hypothesizedo bethecombinedesultof cloudsandlocal surfacewind andwave inhomo-

geneitiesandis prevalentin spotsof smallersize. Theimpactof suchgeophysicahoise
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from all sourceds apparentlymuchlesson the third (and presumablyXhe fourth Stokes
parametersincetheseobsenablesarebotheffectively zeromeanfor theocearandmostly
undego attenuatiorof their azimuthalharmonicsy clouds. Nonethelessthe GMF is re-

peatableenoughandprovidesalarge enoughbrightnessemperatureignalfor meaningful

wind directionretrievalsin Chapter6.
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CHAPTER 6

Retrieval of OceanSurfaceWind

Vectors

6.1 Intr oduction

In this chapter the retrieval of oceansurfacewind vectorsis investigatedusingthe PSR
GMF and high-resolutionpolarimetricmicrovave imageryof the ocean. To simultane-
ouslyretrieve boththe speedanddirectioncomponent®f the wind, a multi-look retrieval
methodbaseduponthe maximumlik elihood(ML) principle[62] wasdeveloped.The ML
retrieval problemis posedn aform allowing for theuseof anarbitrarysetof azimuthlook
anglesradiometricfrequenciesandpolarizationstates.Theresultis a nonlinearweighted
least-squareminimization problem,which canbe solved usingary of several multivari-
atesearchtechniques An enhancemenaf the ML algorithmallows for adaptatiorof the
channelweightsbaseduponan estimateof the geophysicamodelingerror The errores-
timatecanalsobe usedto studytherelative informationalcontentof the variouschannels,
and clearly revealsthe utility of the third Stokes parameteiover corvection. The utility
of the multi-look retrieval techniquein both one-dimensionaandtwo-dimensionalwind
field mappingis demonstratedsingconically-scanne@olarimetricmicrowave brightness

imageryobseredduringthe passag®ef a polarlow overthe southern_abradorSea.
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Figure6.1: Block diagramof the iterative wind speedanddirectionML estimationalgo-
rithm for passve microwave wind vectorretrieval. The dashedine indicatesthe dataflow
pathfor thefirstiteration.

6.2 ML Estimation of Wind Vectors

The retrieval problemconsistsof estimatingthe wind speedanddirectionfrom measured
brightnessemperaturedn thissectionaninversionmethodbasednmaximumlik elihood
(ML) estimationof wind speedanddirectionusingmeasuredrightnesgdemperatureat a
suitablesetof azimuthalanglesis presented.The solutionis basedon iterationbetween
separatevind speedandwind directionretrieval algorithms(seeFigure6.1). The wind
directionretrieval algorithmreturnsboththeML estimatedvind directionandazimuthally-
averagedbrightnessemperatureg,o usingthe GMF detailedin Chapter5. In addition
to a setof input brightnessemperatureneasurementshe wind speedand atmospheric
transmissrity arerequiredfor inputto this algorithm. Thesetwo parameterdhowever, are
generatedy the wind speedalgorithm. This retrieval algorithmis an inversionof (5.2)
andusesestimated/aluesfor the zeroeth-ordeharmonictermsa,y asinput. By iteratively
feedingthe outputof eachalgorithmto the othersinputthejoint wind speedanddirection

estimaterapidly corverges.
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6.2.1 Wind directionretrieval

We assumehatthe brightnessemperatureneasuredby a radiometeis equalto the GMF
in (5.1) evaluatedfor the specificoceanandatmospheristateplustwo additionalrandom
componentsinstrumentnoiseandgeophysicamodelingerror. Theinstrumentoiseis a
function of radiometetbandwidth,integrationtime, recever noisefigure andstability and
canbe quantifiedeitherexperimentallyafter deploymentor theoreticallyprior to deploy-
ment. For the PSR the instrumentnoiseis well modeledby integrationnoisefrom a total
power radiometemwith fixed systemtemperature:
Toys
VBt

whereB is the bandwidthandr is theintegrationtime. Sourcesof geophysicamodeling

ATgrys = (6.1)

error include radiothermalperturbationscausedoy variablessuchas stability, longwave
amplitude andfetchthatarenot consideredn the presentGMF. If the noiseandmodeling
errorsareassumedo be Gaussianthe measured)rightnesstemperature/ector%B for a
multi-frequeng polarimetricradiometerwith N channelscan be modeledasan N x 1

randomvectorthatfollows an N-dimensionajoint Gaussiarprobability densityfunction
(pdf):

7 (Ta) = e |- (To-Ta) & ' (Ta-Ta)|. 62

where

0 AT2

N
det (K ) =[] AT?
i=1
andAT? is the combinedinstrumentabndgeophysicahoisevariancefor the i-th bright-

nessvectorcomponenand(-)T denotedransposeThevectorT 5 is the expectedvalueof

149



the brightnessrectorandis equalto the multi-frequeng GMF for the givenatmospheric
andoceanstate. The multi-frequeny GMF is found by concatenatingeveral single-band

GMFs(5.1)into asinglevector:
T
— —xT _kT _—x.T
Ts=|Tp ,Tp , Ty (6.3)
wherethe superscriptslenotethevariousfrequeny bands.For M independentooks(e.g.,
at variousazimuthangles)thejoint pdf of the obsened brightnessemperaturess simply

the productof therespectre pdfs(6.2) for eachof the M looks:
) ) ) M )
F(To. oo+ Tor) = [1 1 (Tom) (6.4)
m=1

Given measurementfom M looks we can determinethe wind direction and speedby

maximizingthelik elihoodfunction[62], whichis definedasthe above joint pdf:
L (73,1773,2, T ,TB,M;W) =f (73,1773,2, T ,TB,M;W) (6.5)

whereW = [(T'p)}, #w]. Thecomponentsf W arethewind directiong,, andthemean
azimuthalbrightnessemperature$T's), £ ao = [ajy, a7y, aly, ... ]T. Thesecompo-
nentsareassumedo be constantut unknavn. The maximumlik elihoodestimatoriV is

thatvalueof W thateithermaximizesL:

M

o~

1 1 -~ — T:—l ) _
72 X exp 3 (TB,m — TB,m) K (TB,m — TB,m)

m=i (2m)N/? [det (?)]

L

—\ 112\ M 1L = _ \T=1 /2 _
= (o au ()] ) " xex [_5 S (Fan=Ton) K (Fan=Tn)
(6.6)
or (equivalently)In L sincethe naturallogarithmis monotonic:
iz =21 (00 faet (F)]") 23" (Fon~To) B (Fom ~Tom).
(6.7)
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Themaximizationof In L is equivalentto the minimizationof the objective function[62]:

M ~ _ T—1 /=~ _
Z (TB,m - TB,m) K (TB,m - TB,m) . (68)
m=1
pum— :—1
If all measuremerdgrrorsareassumedo beindependenthenK (andhenceK ) is diag-

onaland(6.8) becomes:

M 2
S (Tim—Tim) AT (6.9)

m=1 i=1
wherethe subscriptgi, m) areusedto denotethe i-th brightnesscomponenof the m-th
azimuthallook. The ML solutionis thuscastin the form of a non-linearweightedleast-

squaresninimizationproblemwith preferenceivento thelessnoisychannels.

6.2.2 Wind speedand atmospherictransmissiity

The wind speedandatmospheri¢ransmissrity canbe determinedoy non-linearlyinvert-
ing the ML-estimatedzeroeth-ordercoeficients a,y andayy in (5.2). Parameterization
of thezeroeth-ordecomponentsn botht andu;y usinga statisticalwind speedemissvity
modelfacilitatesthe ML estimatiorprocessin this study we computetheemissvity (&,) 4
usingthe hybrid Kirchoff approximatiorandoceanfoammodeldescribedy Wilheit [67]
alongwith the seawaterdielectricconstanimodelof Klein andSwift [37]. The emissvity
calculationdependsprimarily on wind speed,and secondarilyon watertemperatureand
salinity. We assumehesedattermostwo to be known a-priori.

The upwelling and downwelling brightnessed’s+ andTy; canbe approximated

usingatwo-layeratmospherenodelparameterizeth transmisstity:
TBT = (1 - t)TeT (610)
Tpy = (1 —t)T., + tTg, (6.11)

whereT,, andT,, arethe effective upwellinganddownwelling emissiontemperaturesf

thelayerbelow theaircraft,andTy, is thecombinedcontribution of theatmospherabove
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the aircraft and the microwave cosmicbackground.The effective emissiontemperatures

aredeterminedy:

T = (T, — Ty,) (6.12)
Te, = (To — T5,) (6.13)
whereT, is the surfaceair temperaturendT;, and7;, areoffsettemperaturesThethree
temperatured,, 75, and7;, areall determinedrom ancillary data. For this investiga-
tion we usedfive radiosondetaunchedrom the Knorr duringthe periodfrom March1to
March 9, 1997to thesequantitiesasfollows. Using temperaturepressureand humidity
measurementBom the sondeshe atmospheridransmissiity ¢ andthe backgroundup-
welling anddownwelling brightnesgemperature¥’s, , T, andTp, werecomputedusing
the microwave radiative transfermodelof Gasievski and Staelin[23]. Thesedataalong
with the surfaceair temperaturavere usedto determinethe offset temperaturesTypical
offsetswereT;, ~ 27°Cand7;, ~ 26°C, correspondindo effective emissiortemperatures
T., = T, equalto thatof theair atanaltitudeof ~4 km.
Developmentof the wind speedestimatoris similar to thatof wind direction. The

log likelihoodfunctionfor wind speeds:

InL=—In ((%)N/2 [det (f)] 1/2) - % (</TB\)¢ - ao)Tf_l (</T;)¢ - ao) (6.14)

wherethe noisecovariancematrix X is the sameasin (6.2). Theresultingobjective func-
tion, which is minimized over both wind speedand atmospheridransmissrity, usesthe
zeroeth-ordebrightnessemperatureeomponentghat were estimatedoy the wind direc-

tion algorithm:

> (@, - ao,z‘)2 AT (6.15)

i=1
6.2.3 lIterati ve Solution

Theindividual wind directionand speedestimationsareiteratedto arrive at a joint mini-

mizationof both (6.9) and(6.15). The operationis illustratedin Figure6.1 andis carried
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out asfollows. First, aninitial wind speedestimateis made. The estimates basedon an
averageover theazimuthallooksratherthananestimateof (T;) 4 asin (6.15). For this step

the objective functionis:

N

M 2
> (Z Ty — ao,i) AT (6.16)
m=1

i=1

Oncethefirst wind speedestimates obtaineda wind directioncanbe estimatedoy min-

imizing (6.9). Both wind directionandspeedminimizationsare performedusinga multi-

variablequasi-Nevton method. The methodrequiresabout30 function callsto converge
to 10~° becausehe Jacobiaris computedusingfinite differenceslf fastercorvergenceis

neededthe Jacobiarcould be analyticallyderived andusedin a Gauss-Neton method.
With the computationapower available with inexpensve computersthe extra burdenof

the Jacobiarapproximatioris trivial. A by-productof thewind directionestimationis @,

whichis fed backto thewind speedalgorithmto refinetheestimate Thewind speedesults
arethenfedto thewind directionalgorithmandsofourth. Theiterationsarerepeatedintil

thewind vectorcorvergesto the desiredprecision.Experimentatiorshovs thatmorethan
four iterationsdoesnot changethe directionby morethan~0.05 or the speedby ~0.05
msL.

The objective function (6.9) inherently has several minima, one of which is the
global minimum (i.e., the ML solution). A searchtherefore,s requiredto find anddis-
tinguishthe differentpointsof corvergence.This searchwasimplementedy initializing
theretrieval minimizationalgorithmswith four differentinitial guesse®f wind direction:
0°, 9, 180 and27C. An exampleplot of thewind directionobjectie functionis shavn
in Figure6.2. In this examplethereis a global minimum (the ML solution)at 348 anda
localminimumat 117. If theglobalsearchwerenot performedthelocal minimumcould
beacceptedtthe ML solutionresultingin anerroneousetrieval. After all four seedhave
beentried, the resultwith the smallestvalue of the wind direction objectve function is

designatedhe ML solution.

153



Objective Function

. . . /
0 90 180 270 360
Q, estimate (deg)

Figure6.2: Exampleof wind directionobjectve functionevaluatedat estimatewind direc-
tionsrangingfrom 0° to 36C°. Therearetwo minima,onebeinglocalat117 andtheother
begin globalat348°.
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6.3 Modeling Err or and Adaptive Channel Weighting

The weightsassignedo the variouschanneldn (6.9) and (6.15) shouldbe basedon es-
timatesof bothinstrumentoiseand GMF modelingerror. The GMF modelingerror de-
pendsonthespecificgeophysicastatesandthusis difficult to determine A realwind field
is typically inhomogeneou# speedand direction, often exhibiting significantstructure
down to the mesoe: spatialscale(i.e., severalkilometers). Additionally, inhomogeneities
in atmospheriattenuatiordueto temporalandspatialvariability in cloudsandwatervapor
cancontributeto geophysicahoisein multi-look systemsAs anexample the GMF in this
studyis basedn measurementveragecdverageographiareaof ~900km?, overwhich
the effectsof cloudsandlocal corvectionareto a greatextentaveragedout. Nonetheless,
considerableariability in the harmonicamplitudescanstill beseenn Figure5.5. In order
bothto estimateandto accommodatéhe GMF modelingerrorduringtheretrieval process,
anadaptve channel-weigh(ACW) algorithmfor multi-look retrievalswasdeveloped.The
combinedVL/A CW wind vectorretrieval algorithmprovidesameango selectvely weight
theappropriateadiometeichannelsn responsé¢o geophysicahoiseresultingfrom atmo-
sphericandsurfaceinhomogenetities.

The ML/A CW methodusesiterationto cornverge uponboth an estimatedvind di-
rectionandmodelingerrorvariance.Thegoalof the ML/A CW algorithmis to estimatehe
maximumlik elihoodwind directionusing(6.9) while basingthe channelweightsAT;? on
the statisticsof the measuredbrightnessemperaturesSpecifically it seeks

M N 9
é, suchthat >N (ﬁm — sz) AT;? is minimized (6.17)
m=1 i=1

subjectto the conditionthat:

- (6.18)

m=1

M
1 -~ 2
AT? = max [— g (sz - sz) , AT rus

wherethefirst termin the bracletsof (6.18)is the varianceestimateof the total noiseof
the i-th channelover all looks m = 1..M. The minimization over ¢7w is implemented

usingsimplerecursionasillustratedin Figure6.3. In thefirst iteration,the wind direction
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Figure6.3: Block diagramof the adaptve channelweightsrecursionalgorithm. This al-
gorithmreplacedhe Wind Direction MLE block in Figure6.1to createthe full ML/A CW
algorithm.
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is estimatedisingchannelweightscomposedaf only nominalmeasurememntoisewith no
modelingerror. In all following iterations,the channelweightsare the greaterof either
the nominalmeasurementoiseor the estimatederror variances.The error variancegor

eachchannekrecomputedasediponthemeasuredbrightnessemperatureandthe GMF

outputevaluatedat the mostrecentlyestimatedvind speedanddirection. The recursion
is repeateduntil the wind direction corvergesto a desiredprecision,in this study 0.1°.

To generatethe full ML/ACW algorithm, the diagramin Figure 6.3 replacesthe Wind

DirectionMLE blockin Figure6.1.

Undervariablecloudinessaind/orsurfacewind inhomogeneitytheverticalandhor-
izontal channelssuffer brightneserturbationslueto cloud andsurfaceemissionssuch
perturbationslo not appeaiin the third Stokesparametechannel[22]. Thus,usingACW
the third Stokes parametexchannelwill receve proportionatelymoreweight underthese
conditionsthanthe vertical and horizontalchannels.The ACW techniquealsohelpsac-
commodatehe effectsof watervaporandtemperaturénhomogeneityor variationsof any
otherparameterghatimpactthe baselineverticalandhorizontalbrightnesgemperatures.

A usefulby-productof theML/A CW algorithmis is anestimateof the GMF model-
ing errorfor eachchannel.Thiserrorcanbeusedn computingCramefRao(CR) minimum

varianceboundonthedirectionretrieval accurag. The CR boundis givenby [58]:

-1
o2 >-E ([a;;LD (6.19)

wherethelog likelihoodfunctionis givenby (6.7). This boundcanbe analyticallyderived

for the ML wind directionretrieval. Accordingly, the minimum standarddeviation for an

M-look retrieval is:
M —1/2
5.2 |3 Rnar? 20

m=1 i=1
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12 [a1; SIn (P, — Pu) + 2a9; sin(2¢,, — 26,)]°  if i refersto av or h channel

£2 [b1; co8(dm — Puw) + 2bo; co8(20m — 26,,)]°  if i referstoal or V channel
(6.21)

where ¢,, is the azimuthlook angle of the m-th look. For example,a wind direction
estimateusingtwo looksfrom asingle-frequeng fully-polarimetricradiometemould have

aminimumstandardieviation of:

2
0'<2>w Z <t2 Z [alv Sin(¢m - ¢w) + 2a2v Sln(2¢m - 2¢u1):|2 ATU_2+

m=1
[a1n SI0 (P — Do) + 2001, SI0 (20, — 264,))° AT, 2 +

(D117 €08 (b, — Pu) + 2bary cOS(2, — 260,)]° AT % +
~1/2
[b1y cOS(Gm — buw) + 2bay cOS(26m — 26y,)]° AT§2> (6.22)

The CR error bounddependsot only upon instrumentand modeling noise, but
alsouponthe specificsetof azimuthlook anglesandwind direction. Figure6.4 shavs the
minimum boundon the direction standarddeviation for a two-look retrieval of 14 ms™!
winds usingthefirst threeStokesparametersit 37.0 GHz. The assumed®MS instrument
noiseis assumedo be 0.2 K for all threepolarimetricchannelsandthe modelingerror
is 1 K for T, andT};. The azimuthlook angleis definedasthe angleof the fore-look off
the starboardside of the aircraft or satellite,andthe wind directionis givenwith respect
to the heading. Typically, the minimum standarddeviation is ~5°, however, thereexists
severalpointsatwhichtheboundexceed25°. Thesepointscorrespondo combinationf
wind directionandazimuthlook anglesat which the objective function (andhenceGMF)
hasa small azimuthalsensitvity. For theseconditionsa small perturbationin brightness
temperaturédueto eitherinstrumentor modelingnoise)producesaratherlarge changen
the estimatedvind direction. Perhapghe mostextremeexampleis for the caseof thera-

diometedooking downwindat9(° with respecto theplatformtrack. For this situation the
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Figure6.4: Minimum boundon theretrieved wind directionstandardleviation for a two-
look 37 GHz tri-polarimetric system. The assumedvind speedis 14 ms™!, ATgrys =
0.2K, andtheT, and7}; modelingerroris 1 K RMS.
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Table6.1: PSRLabradorSeaexperimentObsenationson March7, 1997.

designation heading time flight track
outbound 102  1900-1936UTC (55.6067N, 50.0852W) to
(54.7872N, 44.3092W)
inbound 288 1954-2100JUTC (54.4140N, 42.1850W) to
(55.7849N, 51.7862W)

Ty azimuthalslopeis nearlyzero(e.g.,seeFigure5.4),andfrom Figure 6.4 the boundon
the standarddeviationrisesto ~30°. Interestingly for the oppositecaseof the radiometer
looking upwindat 90° off track,the Ty curwve is highly slopedresultingin anerrorbound

of only ~4°.

6.4 Wind Vector Measurements

During the OWI experimentthe P-3 overflev a Canadian-Atlantidow pressuresystemon
March 7 locatednear55° 30’ N, 47° 00’ W and moving northeastowardsthe southern
tip of Greenland.The NOAA AVHRR infrared(channeld) imageryof cloudsassociated
with this polar low at 1128 UTC is shown in Figure 6.5. The warm air massflowing
southvard from Greenlandover the LabradorSeacoupledwith the cold dry westerlyair
from the Canadiamorthto produceawell developedcyclonewith surfacewindsof 15-25
ms~! (30-50kts) anda centralpressuref ~960mb. Two P-3flight tracks(seeTable6.1)
intersectedhelow pressuresystemandprovideduniqueobsenationsof amesoscalavind
shiftacrosghecyclonecenter Surfacewind measurementseremadeby GPSdropsondes
attwo locations,oneon eithersideof the center The ML/A CW algorithmwasappliedto
the PSRdatain bothfull conical-scarandtwo-look (fore and aft) retrieval modesto the
multi-bandpolarimetricimagery The channelsusedwere10.7 GHz (v, h, andU), 18.7
GHz (v andh)!, and37.0GHz (v, h, andU). The PSRfootprint sizewas1400x 850m at
10.7and18.7GHz,and300 x 500 m at37.0GHz. Theincidenceanglewas53.1° from

1The 18.7GHz U-channelwastoo noisyto be usefulin this investigation.
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Figure6.5: The NOAA-12 AVHRR infrared (channel, 10.9 um) imageryat 1128UTC
onMarch7,1997.

161



nadir, andaircraftaltitudewas6,100m (20,000ft), thusimaginga swathof width ~15km.

6.4.1 Full-Scan Retrievals

One-dimensiona20 km resolutionwind vectormapswere producedusingfull azimuthal
scansvertheinbound(629km) andoutbound378km) flight lines. Figure6.6displaysthe
resultsof thefull conicalaveraged-scawind vectorretrieval for theinboundandoutbound
flight legs overlaid onto 37 GHz radiometricbrightnessmagery Eachsub-trackwind
vectorwasretrieved from an averageof sevenconicalscanswhich resultedn 35 seconds
of integrationtime for eachscanata20km spacing.Therearel9retrievedwind vectorson
theoutboundeg and31 ontheinboundleg. Thewind measurementshov a distinct180°
wind shift in both flight tracksalong a frontal boundaryassociatedvith the mesoscale
cyclone, asindicatedin the AVHRR imagery The two GPSdropsondemeasurements
obtainedduring the inboundleg (arrovs plotted with starsat the splashpoints) concur
with this wind shift. Table6.2 lists the wind directionretrieval statisticsfor the outbound
andinboundflight legs. Thereis a strongsoutherlyflow of ~15 ms~! (30 kts) at 195’
to the eastof 47°W longitude. Moving left, or west,acrosshe figure, the wind direction
changedrom 195 to 22° for the westernportion. The dropsondeneasurementsdicate
wind directionsof 203 and9° for the eastandwestportionsof the inboundflight track,
respectrely. Thedirectionchangeoccursover a distanceof ~80 km. Comparisorof the
retrievedwind field with the NOAA NationalCenterfor ErvironmentalPrediction(NCEP)
Etanumericalweathempredictionmodel[6] analysisat 1800UTC (bluearrowns, two hours
prior to theinboundleg) alsoshavs goodagreementHerethe higherresolutionof the PSR
retrieval revealsthewind shift occurringover a muchsmallerdistancg(~50-100km) than
the Etamodel.

The low-resolutionbackgroundfield in Figure 6.6 is the 37 GHz horizontally-
polarizedbrightnesgemperatur@asmeasuredy the DMSP SSM/I (F-13 spacecraftfur-
ing the inboundtransectat 2003UTC. The PSR37 GHz T}, imageryis also plottedand

canbeidentifiedasthe high-resolutionswath of width 15 km runningright to left across
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Figure 6.6: Full-scanwind vectorretrieval for the outbound(top) andinbound(bottom)
flight legs. The wind vectorsare overlaid onto the PSRand SSM/I horizontalpolarized
37 GHz radiometricbrightnessmagery The meanwind directionis 195 to the eastof
~47°W longitudeand 22° to the west of this boundary The dropsondemeasurements
(plotted as starredarrows) indicatewind directionsof 203> and 9° for the eastand west
portionsof theflight track,respectrely.
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Table6.2: Wind directionstatisticsfor thetransecon March 7, 1997acrosghe polarlow.
PSRretrievals usedboth the 1-dimensionaknd 2-dimensionaML/A CW methods. The
1-D retrieval statisticswere computedusing 7 retrieved wind vectorslocatedneareach
splashpoint. Eighteenpointswereusedfor the 2-D retrievals. The CR boundis statedfor
the 2-dimensionatetrieval. The dropsondesverereleasen theinboundtrack. The Eta
modeldatais from the 1800UTC record.

EastSplashPoint | WestSplashPoint
(Gu)  Os | (Gw) s,
(degrees) (degrees)
Out- PSR1-D | 230.0 154 11.5 3.4
bound PSR2-D | 217.6 19.8 8.7 11.0
Track CRbound| - 6.7 - 3.7
PSR1-D | 1954 11.6 19.2 5.4
Inbound PSR2-D | 205.1 18.1 23.8 17.2

Track CRbound - 7.0 - 8.8
GPS 202.6 - 9.3 -
EtaModel | 184.9 - 31.6 -

eachfigure. Note thatthe high-resolutiondetailsasrevealedby the ~1 km PSRimagery
are averagedout by the larger antennafootprint of the SSM/I (~25 km). In particular
thereareseveralsmallbrightspots~ 5 km in sizeat48W longitude(immediatelywestof
thewind directionshift) and42.5W longitudethatarerevealedonly in the PSRimagery
Thesesmallbright featuresaffectedthe channelweightingin the ML wind vectorretrieval
throughthe ACW algorithm. Figure 6.7 shaws therelative weightsof the 7y channelver-
susthe sum-squaredaveightsof the T,, andT; channeldor the 10.7 and37 GHz bands.
Therearetwo distinctlocationsat which the Ty channelis weightedsignificantly higher
thanT, andT},, bothof which correspondo thesebright features.Also significantis that
the weighting of Ty relative to that of T,, andT} for 37 GHz is increasednorethanthis
sameratio for 10.7 GHz at theselocations. This trendis expectedbecausd’, andT; are
more susceptiblao variationsin both atmosphericand surface absorptionand emission
atthe higherfrequeng. The above evidencesuggestshatthe 10.7 GHz channelswill be

usefulfor wind vectorandsurfaceemissionmappingin cloudy and corvective areas.In
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GHz (solidline) and37.0GHz (dottedline). Thetop andbottomplotsarefor the outbound
andinboundflight tracks,respectiely.
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particular 10.7 GHz Ty will behighly usefulfor wind directionretrieval.

6.4.2 Two-Look Retrievals

Two-dimensionalvind vectormapswerealsoretrieved usingthe PSRconically-scanned
imageryusinga two-look technique.The datawere separatednto fore andaft looksand
averagedo produce2 x 6 km sizedspots.The629km inboundflight line yieldedfore-look
andaft-lookimagescontaining7 x 105 pixelseach.Thetotal radiometricintegrationtime
for eachpixel was~0.25sec.Fore/aft-lookpairswerechoserusinganearesheighborcri-
terion,andthe ML/A CW wind vectorretrieval wasappliedto eachpair. Theresultingwind
fieldsweretestedandcorrectedor directionalambiguities.Generallythe ML estimates
closeto thetruewind direction. Occasionallyhowever, a non-ML solutionis significantly
closerto thetruewind direction,thusyielding a grossdirectionalerror. Thisincorrectse-
lection occursbecausef instrumentnoiseand geophysicamodelinguncertainty which
causethe global maximumof In L to occurat the incorrectdirection,while oneof thelo-
cal maximaoccursat the correctdirection. Directionalambiguitiescanbe resohed using
climatology mediarfiltering (asis commonin scatterometrys3, 27]), or availableground
truth suchasbuoys andship reports. In this studythe ambiguitiesareresoled usingthe
medianfiltering methoddescribedn [27]. The mostlik ely wind directionwasdetermined
by passinga 7 x 7 medianfilter overtheretrievedwind field. If aretrievedwind direction
wasmorethan2® differentfrom the medianfilter output,the next mostlik ely direction
wastestedfor a betterfit. Thisdirectionwaschosernf it fell within the20° window, other
wisetheoriginal ML estimatevasretained.For boththeoutboundandinboundflight legs,
the ML algorithmselectedhe correctdirectionto within the 20° window criterion 290%
of thetime; thus,theretrievedambiguityratewas <10%.

Figures6.8(a)and6.9(a)show two regions,oneto theeastandtheotherto thewest
of thewind shift, in which theretrievedwind fieldswerelargely homogeneousThewind
imagesareshovn alongwith correspondindorward-lookingbrightnessnapsfromthe10.7

and37.0GHz channels.The statisticsof theretrievedwind fieldsin the areascloseto the
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Figure 6.8: High-resolution2-dimensionawind map and brightnessmageryfor region
eastof wind directionshift. Theretrieved surfacewind field andcorrespondingR bound
imageareplottedin (a). Thefore-look polarimetric(7T,, T3, andTy) brightnesgempera-
turesaredisplayedn images(b)-(d) (10.7GHz) and(e)-(g) (37.0GHz).
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Figure6.9: SameasFigure6.8for theregion westof thewind directionshift.
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two dropsondesplash-pointare compiledin Table6.2. The absolutedifferencebetween
the GPSdropsondeneasurementandthe averageretrievedwind directionis only 2° and
9° for the eastandwestlocations respectrely. The RMS variability in the retrieved wind

fieldsis ~ 18, whichis abouttwice the CR boundfor theretrieval standardieviation. This

differences notunexpected sincethe computedetrieval variability is alsoaffectedby the
spatialvariability presenin the actualsurfacewind field. Furthermorethe varianceof the
ML estimatoonly approachethe CR boundasymptoticall\({58, Section18.16];therefore,
with only two looksit is quite possiblethat the retrieval variancewill be greaterthanthe
CR bound. The homogeneityof the retrieved mapssuggestshat satellite-basedetrievals
of surfacewind fields that exhibit uniformity over scalesof at leastonespotsizewill be
retrievableusingatwo-look technique.

The color backgroundn Figures6.8(a)and6.9(a)is the CR boundfor eachpixel
computedrom thechannelweightsestimatedy the ML/A CW algorithm. Notethatwhile
mostof the pixelshave a CR boundwithin 5°-10°, therow acrosghetop of theeastimage
andthe bottom of the westimagehave a larger CR bound. This increase(up to 220°)
occursbecaus¢hecombinatiorof azimuthlook angle aircraftheadingandwind direction
aresuchthattheradiometeis looking ~90° off-trackandnearlydownwind. This situation
is identicalto thatdescribedn Section6.3.

The correspondingwo-dimensionalwvind field mapfor the region containingthe
wind directionshift is shovn in Figure 6.10(a). The winds at both endsof the displayed
maparehomogeneouasin Figures6.8(a)and6.9(a);however, overatracklengthof ~80
km in the vicinity of the wind shift, the retrieved winds are highly variablein direction.
Someof the obsened variability is presumedo be dueto the naturalsurfacewind field.
Indeednon-zercsurfacedivergenceandcirculationareexpectedhearcycloneeyes. A por-
tion of this variability, however, canbe explainedby alocal increasen geophysicamodel-
ing error, resultingin alarger CR bound.Indeedtheboundondirectionstandardieviation
for the pixelsin theareafrom ~47.5 to 48.5W longitudeis 10°-2(°, contrastedvith the

5°-10° boundin thehomogeneouregions.As seenin thelowerimagesn Figure6.10,the
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microwave brightnessemperaturdor v andh channelsncreasesn both magnitudeand
variability aroundthe wind shift. The featuresseenin the brightnessmageryaredueto
variablecloudinessand surfaceemissionin the region. Corvective clouds,in particular
causethe fore andaft-looksto view differentliquid watercolumns. Becausehe zeroeth
ordercomponent$5.2) of T, andT}, aregreatlyaffectedby atmospheri@bsorptiondiffer-
ing cloudcontentin the pathsof thefore-andaft-lookswill resultin unmodeledrightness
temperaturdluctuations.A portionof thevariability seenin thewind vectormapis dueto
sucheffects.

Furtherinsightinto the natureof theemissionprocessanbegainedby considering
the calibratedconically-scannetbrightnesanapsfrom the PSR10.7and37.0 GHz chan-
nelsin Figures6.8(b)-(g),6.9(b)-(g),and6.10(b)-(g).In theregionsof homogeneouwind
(Figures6.8and6.9),the obsenedbrightnesdield is seento berelatively uniform. Subtle
maximain 7T, at both 10.7 and 37.0 GHz can be seenin the upwind directions(+6 km
acrosdrackin Figures6.8(b,e) and-6 km acrosgrackin Figures6.9(b,e)), while subtle
maximain 7; canbeseenn the cross-winddirections(0 km acrosdrackin Figures6.8(c,
f) and6.9(c,f)). Thesefeaturesaresimilarto thoseidentifiedin Section3.4.1. The phase-
guadraturenatureof the Ty signaturecan be seenas subtleminimain directions45° to
the left of the upwind direction (Figures6.8(d,g)) and maximain directions45° to the
right (Figure6.9(d,qg)). We notethatperturbationsn theverticalandhorizontalbrightness
fields of up to 15 K causedvy surfacespatiallyinhomogeneousoughnessnd/orclouds
do not significantlyaffect the retrievedfield. It is particularlyimportantto notethatsuch
perturbationsare entirely absentn the 10.7and37.0 GHz Ty; maps. Thus,enhancede-
gions of surfaceroughnessand/orcloudsdo not affect the degreeof polarizationor the
orientationof thelinearly-polarizeccomponenbof theupwellingradiationfield. It is noted
that throughoutmostof Figures6.8 and 6.9, the sky below the aircraft was undercasto
scatteredindicatingrejectionof muchcloudcoverin theretrievedwind fields.

Perhapshe mostobviousandimportantbrightnesgeaturesarethelargeamplitude

brightnesgerturbationsn theverticalandhorizontalpolarizedchanneldor both10.7and
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37.0 GHz nearand due west of the wind shift in Figures6.10(b-c)and 6.10(e-f). Two
isolatedregions extending over ~4-8 km are notedwhich causea perturbationof ~15
K at 10.7 GHz, and higher (~60-70K) at 37.0 GHz. A third extendedfeaturewest of
the two regionsexhibits perturbationsnostly in the 10 GHz channelssuggestinghatthe
featuresare the resultof anincreasein surfaceroughnessat the scaleof approximately
one-halfelectricalwavelength(~1.5cm). While thesefeaturesdo affect theretrieval, it is
againnotedthatthe Ty signalremainedcompletely unaffected (Figures6.10(d,g)), with
thewind shiftat~47.5W beingclearlyseemasanacross-trackhift in the phaseof the T3,

imagery

6.5 Discussion

In this chaptey the first useof conically-scannednicrovave polarimetricimageryof the
oceansurfaceat 10.7,18.7,and 37.0 GHz to generatéehigh-resolutionnearsurfacewind
vector mapsin both one andtwo dimensionswas demonstrated.While a variety of ad
hoc wind vectorretrieval proceduresould be usedto develop the retrieval operatoy the
joint maximumlik elihoodestimatorfor wind speedanddirectionderivedhereis bothfast
enoughfor mostoperationabpplicationsand nearly optimal basedon the CR bound. In-
deed,sinceradiometricobsenationsnecessarilyequireintegrationtimesof orderat least
tensof milliseconds,the ML retrieval could easily be implementedn realtime. The es-
timator also allows for straightforward adaptationof the weightsassignedo the various
channelsandpolarizationsbhy the estimatedyeophysicahoise. The geophysicahoisees-
timateis itself a valuableby-productof the estimationprocessandcanbe furtherusedin
either numericalor qualitatve weatheranalysesas a measureof error in the wind vec-
tor retrieval. Application of the ML/A CW techniqueto either full conical scansfor 1-
dimensionaklong-trackretrievals or partial (sub-svath) scansfor 2-dimensionamapsis
straightforvard.

Comparison®f theretrievedwind vectormapswith datafrom dropsondesuggest
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thatusingthe ML/A CW techniqueappliedto 10.7,18.7,and37.0GHz full-conical polari-
metricscansanprovide RMS errorsof +10° overfootprintscoveringanareaof aslittle as
~50-100km?. Theretrieval error usingthe two-look ML/A CW techniques only slightly
worse,but considerablymoresensitve to local inhomogeneityn the upwelling brightness
field. Thetwo-dimensionatetrieval for the caseof March 7 shows particularlyhigh vari-
ability neara region of major wind shift, an effect possiblyresultingfrom the confused
natureof theseasurfaceatthatlocation. Thetwo-look retrieval achiezeda 90%skill in re-
trieving thenon-ambiguousvind direction. The succes®f this techniquedemonstratethe
viability of airborneand spacebornevind vector mappingusing polarimetricmicrowave

radiometry
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CHAPTER 7

Simulated Satellite Retrievals

This chapterdescribesa seriesof simulatedsatelliteretrievals of oceansurfacewind vec-
tors. Averageddatafrom several LabradorSeahex-crosspatternswere usedto simu-
late satellitebrightnesgemperatureneasurement® studythreedifferentsatellitesensor
configurations:(1) tri-polarimetric one-look, (2) dual-polarizationtwo-look, and (3) tri-
polarimetrictwo-look measurementsAdditionally, the simulatedradiometricsensitvity
of the tri-polarimetric two-look measurementis variedto comparethe ML/A CW algo-

rithm performanceo its CR bound.

7.1 DesignConsiderations

Among the variousdesignparameter®f a passve wind vectorsatellite,two major deci-

sionsarel) the choicebetweera microwave polarimeteror a dual-polarizatiorradiometer
and?2) the choiceof usinga one-lookor two-look scanconfiguration.Theincidenceangle
is also of greatimportancebut is not consideredn this study; the investigationsherein
utilize the SSM/I incidenceangleof 53.7°. Two performancemeasuresvere chosento

guantitatvely studythe consequenceasf usinga particulardesign:RMS retrieval errorand
retrieval ambiguity rate. Table 7.1 lists the hypothesizedeffectsfor the differentsystem
combinationdaseduponexaminationof thewind directionharmonics First, theone-look
dual-polarizatiorsystem(e.g., SSM/I) cannotprovide instantaneousvind directionmea-

surementsTheone-lookpolarimetricsystempnthe otherhand,canyield awind direction



Table 7.1: Hypothesizedeffects of polarizationselectionand numberof looks on mean
surfacewind vectorretrieval ambiguityandRMS error.

Dual-polarization Polarimetric
e No directioninformationin | ¢ Two/four-fold directional
singlelook of T,, andT}, ambiguity
One-look | e HighestRMS wind speed| e« RMS error basedonly on
error one-look, therefore weight
adaptatiomot possible
¢ High RMSwind speecerror
e Two-fold ambiguity ¢ Potentiallyno ambiguity

e LacksTy for cloud mitiga- | ¢ Wind speedand direction

Two-look tion, but weightadaptations | RMS errors reducedby ad-
possible ditional information in two
looks, and weight adaptation

is possible

estimatebecausaelirectionalinformationis containedn the singlesampleof Ty (andTy/),
yetthis systemsuffersfrom two- or four-fold ambiguity Additionally, theadaptve weights
algorithmcannotbe appliedto the one-lookretrieval because properestimateof mean-
squareerror cannotbe madewith only onesamplepoint. The two-look dual-polarization
systemmight have lower RMS errorthanthe one-lookpolarimetricsystemin clearair, but
is missingthe third andfourth Stokesparametersywhich areusefulfor both cloud mitiga-
tion andbreakingtheinherenttwo-fold ambiguity The adaptve weightingcanbeapplied,
however, to the two-look system.Adding the third (and/orpresumablythe fourth) Stokes
parametenot only breaksthe two-fold ambiguity (becausef the quadraturgohasenature
of the Ty azimuthalsignature) put alsoimprovesthe RMS error becausef the informa-
tional contentof theadditionalchannels.

In additionto the quality of retrieved winds, the numberof azimuthallooks will
constrainthe designof the conical scanneron the satellite,particularly the placemenif
the calibrationambientload and cold spacemirror. If two differentazimuthlooks are
requiredfor alow-noisemeasurementhenthe calibrationtargetscanbe positionedo the

sidesof thespacecrafsuchthatthe side-lookingazimuthpositionsallow theradiometeto
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Table7.2: SSM/landWindSatNyquistspotsizeandtheequivalentPSRhex-crossaperture
size(for a9 km x 15km spot)at10.7,18.7,and37.0GHz.

SSM/I WindSat PSRhex-cross
f 0.635m aperture 1.93m aperture 9.0km x 15km
(GHz) (km?) (km?) (m)
10.7 - 9.1x 15 1.95
18.7 16 x 26 5.2x 8.7 1.12
37.0 8.0x 13 26x 4.4 0.565

view theambientoador cold spaceaatherthantheearth.This placementhowever, reduces
the swathwidth on ground.If, onthe otherhand,only onelook is deemecdecessarthen
the calibrationlooks could be placedin one of the scanquadrantgsuchis proposedor

WindSat[17]) orin theback-mosportionof thescan(effectively, anSSM/I scangeometry

with anextendedazimuthrangeandpolarimetricchannels).

7.2 Simulations

A seriesof satelliteretrieval simulationswasperformedo quantifythe effectsof polariza-
tion selectionandthe choiceof a one-or two-look system.Using LabradorSeadata,three
differentdesigncasesvereinvestigated(1) tri-polarimetrictwo-look, (2) dual-polarization
two-look, and(3) tri-polarimetricone-look. The dual-polarizatiorone-lookcase(e.g.,the
SSM/I configuration)was not investigatedoecausevind directioninformationcannotbe
extractedfrom suchmeasurements.

The SSM/I[32] andWindSat[17] instrumentsvereusedassatellitesensomodels
onwhichto basethesimulation. The SSM/landWindSataltitudeis nominally830km, the
surfaceincidenceangleis 53.1°, andtheaperturesizesare63.5cmand1.93m, respectrely.
Table 7.2 lists the spotsizes(assumingNyquist angularsampling)for both instruments.
The SSM/I spotsizesrangefrom (16 km x 26 km) at 18.7 GHz to (8.0 km x 13 km) at
37.0GHz. For WindSat,the spotsizesrangefrom (9.1 km x 15km) at10.7 GHzto (2.6
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Table7.3: Four datasetsusedto studythethreesatellitedesigncases.

DataSet Date Time Wind Speed Wind Direction
# (UTC) (ms) (deg)
1 March3 1344-1423 13.6 314
2 March4 1502-1557 15.9 270
3 March7 1638-1728 12.0 351
4 March7 1731-1823 14.0 345

km x 4.4 km) at 37.0 GHz. The sensitvities for SSM/I and WindSatare ~0.35K and
~0.2-0.3K (planned)respectiely.

PSRstraight-and-leel flight data(i.e., the hex-crossandpatrols)wereusedto gen-
eratethe simulatedsatellite brightnessemperaturaneasurementsAveragingazimuthal
scandatainto 1° bins gathereda sufficient numberof pixelsto covera (9 km x 15 km)
footprintfor eachbin. Theequvalentsatelliteaperturediametersieededo obtainthis spot
sizefrom an830km altitudeata53.1 incidenceanglearelistedin Table7.2for 10.7,18.7,
and37.0GHz. The aperturediameterrangesrom 1.95m at 10.7 GHz to 56.5cm at 37.0
GHz and spangthe aperturedimensionsof both the SSM/I and WindSatinstruments.To
generateghe simulatedmeasurements:800 PSRsamplesvereaveragedor eachazimuth
bin for atotalintegrationtime of 6.4 secfor theanalogchannelsand12.8secfor thedigital
channels.The equivalentradiometricsensitvity was~0.03 K. Pseudo-randorsaussian
noise of standarddeviation 0.246 K was addedin a Monte-Carlofashionto effectively
degradethe sensitvity to ~0.25K.

Four suchdatasetsweregeneratedo testthethreesatellitedesigncasesThewind
statesof eachsetasmeasuredy the Knorr arelistedin Table7.3. Datasetl is usedasa
representatie setin this chaptertheresultsfor all four datasetscanbefoundin Appendix
D. Extrageophysicamodelingerrorwasnotaddedo thedata ratherthe naturalvariations
obsenred during the hex-crosspatternswere retainedto modelthe effect of geophysical
noiseasaveragedover a satellite-scaldéootprint. To properlycover the possiblecombina-

tions of relative wind directionandazimuthlook angle,severalcombinationdor eachof
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Table7.4: Obsenationparametersisedto studythethreesatellitedesigncases.

Design Aircraft Heading  Azimuth Look-Angles  Total Numberof
Configuration  w.r.t. Wind Direction w.r.t. Aircraft Heading Monte-CarloTrials

1) Two-looks 0°, 60°, 120° (0°,180) (45°,135) 135
Tri-polarimetric (-4%°, -135)

2) Two-looks 0°, 60°, 120° (0°,180) (45°,135) 135
Dual-polarization (-45°, -135)

3) One-look N/A 0°, 45°, 90, 135, 120
Tri-polarimetric 180, 225, 270, 315

the threecaseswere considered.The obsenation parameterarelistedin Table7.4. The
simulationswere run in a Monte-Carlofashionby addingpseudo-randonobsenational
noisewith 15 trials for eachaircraftheadingandlook anglecombination.Assemblingthe
outputof the four setsproduceda total of 540trials eachfor designcasesl and2 and480
trials for case3.

The objectie function (6.9) inherently has several minima, one of which is the
global minimum (i.e., the ML solution). A searchtherefore,s requiredto find anddis-
tinguishthe differentpossiblepointsof corvergence.An exhaustve searchis impractical
becaus®f the extremelylarge numberof requiredobjective function evaluations.For ex-
ample,to searchover wind direction(0° to 360°) with 1° resolution,wind speed0 ms!
to 30 ms~!) with 0.1 ms~! resolution,andatmospheri¢ransmissiity (0 to 1) with 0.001
resolutionwould require360 x 300 x 1000 = 108 x 108 functionevaluations.(Note that
this doesnot evenincludeiterationfor channelweightadaptation).Thus,the searchwas
implementedisinga quasi-Nevton methodby initializing the retrieval minimizationwith
four differentinitial guesse®f wind direction: 0°, 9C°, 180 and27C°. The multiple ini-
tial guessesreusedto seedthe algorithmat differentpointssothatall the minimaof the
objective functioncanbefound. Fourinitial guessesvereusedbecauseheobjective func-
tion typically hasonly two minima,aswasempirically determined This searchtechnique

is significantly more efficient than exhaustve searchingrequiring only ~1400 function
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evaluationsfor the full ML/A CW algorithmwith the four-fold solution search. The the
resultingminima arerecordedalongwith the respectire valuesof the objective function.
TheML solutionis foundby choosinghewind directionthathasthe smallestcorrespond-
ing valueof the objective functionfrom amongthe four solutions.The remainingsolution
are spuriousor ambiguousresults. The 12 plotsin Figure 7.1 show the four-fold search
resultsfor eachof thethreedesigncasef datasetl. (Theresultsfor datasets2-4 canbe
foundin AppendixD.) Notethattheseresultsaregiven prior to ambiguityremoval. The
ML solutionsare plottedaslines pointing in the upwind directionand spurioussolutions
(causedvy corvergenceat local minima) areplottedasindividual points. The percentage
of ML solutionsfor a particularinitial guessis printedabove eachplot. For casesl and
2 (Figure7.1(a-b)),the majority of ML solutionsare arrived at by usingan initial guess
closeto thetruewind direction. This characteristiéndicatesthattheincorrectwind direc-
tions are merelylocal minima andthat the four-fold searchmethodsuccessfullyextracts
thetrue ML estimates.The low ambiguityrateexpectedfor casel is apparentn thatthe
ML solutionsarenearthe correctdirection. The higherambiguitypercentagéor case2 is
clearlyevidencedby the clusterof ML solutionsin severalincorrectdirections.For design
case3 (Figure7.1(c)), the ML solutionsare almostequally distributed betweenthe four
initial guesses.Many (but not a majority) of the ML solutions,however, indicatedirec-
tionsotherthanthetruedirection(i.e., ambiguoussolutions),asexpectedor the one-look
configuration.

TheML solutionsfrom Figure7.1thatindicatethewrongwind directionarecalled
identified ambiguities. Many of the identified ambiguitiesdisplayedin Figure 7.1 were
removed usingthe ambiguityremoval proceduredescribedn Section6.4.2and[27]. The
proceduras asfollows. An ML solutionis saidto beambiguousf its directionlies outside
a specifiedwindow. For anoperationakatellitealgorithm,the width of the window could
be basedon the expectedRMS retrieval accurag. The centerof the window would ide-
ally bethe truewind direction,however, in practicethe true wind directionis not known.

Operationally the outputof a medianfilter appliedto the retrieved wind field could be
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Figure 7.1: Resultsof the four-fold searchfor ML solutionsbefore ambiguity removal
for datasetl (March 3, 1344-1423UTC). Thetrue ML solutionsareplottedaslinesand
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used. Provided that more than 50% of the retrieved wind directionsare correct,the me-
dianfilter would producea reasonablestimatefor the window center Othersourcesof
datafor determiningthe window centerinclude numericalweatherpredictionmodelsand
climatology Using thesesourceshowever, would biasthe retrieval to mimic the model
output. For thesesatellitesimulationsthewidth of theacceptanceiindow wassetto +30°
with respecto thetruewind directionasmeasuredby the Knorr. Thefinal retrievedwind
vectorsafterambiguityremoval aregivenin Figure7.2for thefour initial guesdlirections.
(Theresultsfor datasets2-4 canbe foundin AppendixD.) The acceptedvL solutions
andchosenambiguitiesareplottedaslines andthe rejectedsolutionsaspoints. Accepted
ML solutionsarethosethatfall within the 30° window aboutthe true wind direction. For
thoseML solutionsthatfall outsidethe window, thelocal-minimasolutionsweretestedto
determindf arny werewithin theacceptancwindow. Thoselocal-minimasolutionsfalling
within the window are called chosenambiguities. The final wind directionis theneither
anacceptedL solutionor choserambiguity The percentagef final wind directionsfor
eachinitial guessis printed above eachplot. Casel provided very few ambiguities,as
evidencedby the similarity of Figure7.2(a)andFigure7.1(a).As seenin Figure7.2(b-c),
the ambiguityremoval procedurehowever, significantlyimprovedtheretrieval quality of
designcase2 and3. In case3 the majority of the retrieved directionswerefound from
theinitial guesseslosesto thetruewind directiononly afterambiguityremoval (seeFig-
ure7.2(c)andFigure7.1(c)). Notethatthereareseveralinstancesn Figure7.1(c)where
theretrieval algorithmandambiguityremoval procedurdailedto arrive atthe correctwind
direction. Thoseretrievalsthatdo not provide a valid ML solutionnoranacceptabléocal-
minima solution are casesof unresolhed ambiguities. Theseunresoled ambiguities,or
outliers,areobviously undesirablendthe satellitedesignshouldbe choseraccordingly
Table 7.5 lists, for the four simulateddatasets,the solutiondistribution over the
four initial guessesndthe ambiguityrates. The postambiguityremoval (PAR) distribu-
tion indicatesheportionof thecombinedacceptedL solutionsandresohedambiguities

arisingfrom eachof the four initial guessdirections. The identifiedambiguityrateis the
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Figure7.2: Four-fold searchresultsafterambiguityselection. The acceptediL solutions
andchosemmbiguitiesareplottedaslinesandtherejectedsolutionsaspoints.
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Table 7.5: Retrieved direction distribution and ambiguity statisticsof the four datasets.
Thetwo distributionslisted arethe strict ML solutiondistribution andthe post-ambiguity
removal (PAR) distribution. The PAR distribution indicatesthe portion of combinedac-

ceptedVIL solutionsandresohedambiguitiesarisingfrom thefour initial guesgirections.

Data Initial GuesDirection | % Identified % Resohed
Set 0° 90> 180 270 | Ambiguities Ambiguities
(%) (%) (%) (%) (%) (%)
ML 415 14.1 12.6 31.9
1 |pR 407 141 133 319 15 100
Casel: | ML 23.0 13.3 24.4 393 . ]
two- PAR »  » v
look, . ML 31.0 237 141 304 . ]
tri-pol. PAR » v
p ML 32.6 267 119 28.0 . ]
PAR 7 v
average 0.4 100
ML 400 185 133 28.1
1 |pR 437 126 6.7 370| 185 96.0
Case2: ML 267 178 89 46.7
two- 2 |pAR 230 00 126 644| 311 95.2
look, ML 34.8 17.8 148 326
dualpol.| 3 |PAR 422 178 96 304| 111 100
ML 400 207 133 25.0
4 | paR 44.4 17.8 81 296| 2907 64.3
average 20.4 88.9
ML 225 258 26.7 250
1 |mRr 358 167 117 358| 492 83.1
Cases: ML 23.3 167 20.8 39.2
one- 2 |pAR 175 67 175 583| 292 97.1
look, ML 19.2 292 26.7 25.0
tri-pol. 3 |pAR 375 233 167 225| 929 100
ML 30.8 200 20.8 283
4 |pAR 508 133 92 267| 983 89.1
average 37.3 92.3
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ratio of rejectedML solutions(thosefalling outsidethe 30° acceptancevindow) to the
total numberof retrievals. The resohed ambiguityrateis the ratio of chosenambiguities
to thetotal numberof rejectedMIL solutions.Thetwo-look polarimeter(casel) produces
the fewestidentifiedambiguities;in fact,the only ambiguitiesretrievedfor this casewere
in dataset1 and 100% of thesewereresohed. Becauseof the few numberof ambigui-
ties,the solutiondistribution overthefour initial guessesemainedelatively constant.The
two-look dual-polarizationsystem(case2) performedreasonablywell with a ~10-30%
identifiedambiguityrate. Of thosedirectionslabeledasambiguougypically >95% were
resohed, exceptfor dataset4, in which only ~66% wereresohed. The unresoledambi-
guitiesin dataset4 were~75° away from the true wind directionandcould be the result
of a systematiaetrieval biasdueto geophysicamodelingerror The PAR distribution for
case2 shavs anincreasenumberof solutionsarisingfrom theinitial guessirectionsclose
to the true wind direction. Even thoughthe one-lookpolarimetricsystem(case3) hasa
relatively high identified ambiguity rate of ~30-50%,the removal procedures on aver-
agecapableof resolving89% of the ambiguities,leaving only 11% uncorrected.Again,
the PAR distribution indicatesthatinitial guessdirectionscloseto the true wind direction
producemostof theacceptedolutions.

The final retrievals of datasetl aredisplayedasscatterplotsin Figure7.3. (The
resultsfor datasets2-4 canbefoundin AppendixD.) Thefinal solutions(afterambiguity
removal) areplottedasindividual pointsandthe unresoledambiguitiesareplottedasx’s.
Thearrav indicateshe meanretrievedwind vector Thel-, 2-, and3-¢ contoursof afitted
Gaussiar{ignoringunresohedambiguities)areplottedfor reference The outcomesof all
threecaseshave similar meanwind vectors. The retrieved wind vectordistributionstend
to clusteralongaline or anarcof constantradius,indicatinga relatively smallwind speed
variancebut a larger wind directionvariance.While the wind speedvariancesaresimilar
for all threecasesthedirectionvariancebecomegprogressiely largermoving from casel
to 3 (asindicatedby the Gaussiarcontours).The error statisticsof the final retrieval sets

arepresentedn Table7.6. Unresohedambiguitieswerenotincludedin the calculationof
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Figure 7.3: Scatterplots of final retrieved wind vectorsfor dataset1l (March 3, 1344-
1423UTC). Thefinal solutions(afterambiguityremoval) areplottedasindividual points.
The unresolhed ambiguitiesare plotted asx’s. The 1-, 2-, and 3-0 contoursof a fitted
Gaussiar(ignoring unresoled ambiguities)areplottedfor reference.The meanretrieved
wind vectoris plottedasanarrow.

Table7.6: Retrievedwind vectorstatisticsfor thefour datasetsand3 designcases.

Data | (¢y)  (U1o) MeanError | RMSError

Set | deg (ms!)|deg (ms')| deg (ms™?)

Casel: | L |3192 (135)[52 (0.1) [ 83 (L0
wo. | 2 |2673 (15.9) |27 (0.0) | 7.7 (LO)
00K 3 [348.8 (12.0)|-22 (0.0) | 85 (0.7)
m_po’l 4 |342.4 (13.9)|-26 (-0.1) | 89 (0.6)
" | mean| - - - - 8.4 (0.8
Casep: | L | 3188 (13.0)[ 48 (0.6) [147 (L5
wo. | 2 |2651 (158)|-4.9 (0.1) |1L7 (LO)
00K 3 |350.2 (11.8)|-0.8 (-0.2) | 9.3 (0.8)
dual_p’ol 4 | 3446 (13.6) |-04 (-0.4) |14.7 (0.8)
‘| mean| - - - - 126 (1.0)
Casea: | L | 3163 (127)[23 (-09) [147 (1.7
one. | 2 | 2678 (15.4) |-22 (-06) | 119 (L7)
00K 3 |3475 (11.3)|-35 (-0.6) | 145 (1.5)
tri-pol 4 |3436 (13.7) |-1.4 (-0.3) |14.8 (1.3)
" | mean| - - - - 14.0 (1.6)
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theretrieval statistics.As expectedcasel is bestin noiseperformancexhibiting average
RMS error of 8.4 (0.8 ms™!). Cases2 and 3 arecomparablen retrieval accurag and
have RMS errorsof 12.6 (1.0ms™!) and14.0 (1.6 ms™!), respectiely. The RMS wind
speechccuray for designcased and2is <1 ms!, whichis half of the~2 ms~! accurag
achievedwithoutdirectionalinformation[28, 52,66]. Indeedwind speedaccurag of <1.7
ms~! occursin the caseswith the worst RMS directionerror, suggestinghatknowledge
of wind directionto +15° cansignificantlyenhancehe wind speedmeasurementsiade
by radiometersNote thatthe wind directionbiasesareconsistenin signacrossall cases.
Thesesmall biases<5° could be causedby errorsin the Knorr wind sensorandthe P-3
navigationsystem.lt is notablethatthe biasesarenegative, exceptfor datasetl1; however,
the Knorr wind sensomasmalfunctioningduring dataset1 andthe statedwind direction
wasestimatedoy the sciencecrewn. The consisteng in the sign of the biasessuggestshe
presencef a heightdependence the wind directionof ~2° per20 m (the Knorr wind
sensomwas~20 m above meansealevel). Sucha dependenceouldbetheresultof either
alocal boundarylayer gradientor possiblyEckmanrotation[34]. Although provocatie,
thesemeasurement@drenotcomprehensie enougho make a statemenasto thegenerality
of awind directionbiasin remotelysensedneasurements.

The previoussimulationsuseda fixedradiometricsensitvity of ATrprs = 0.25 K.
Theactualvalueof ATgyrs significantlyaffectsthe RMS retrieval error. In orderto study
therelationshipbetweerRMS directionerrorandATx,rs thetwo-look polarimeterdesign
casewas usedfor threecombinationsof differentfrequeny channels:1) 10.7,18.7 and
37.0GHz;2) 10.7and18.7GHz; and3) 10.7and37.0GHz. Theradiometricsensitvities
of the channelswere simultaneouslyariedfrom 0 K to 2 K in 0.25K increments.The
resultsof dataset?2 at a simulatedheadingof 90° with respectto wind directionandaz-
imuthlook anglepairsof (-45°, 135°), (0°, 180°), and(45°, 135) areplottedin Figure7.4.
For all threechannekets boththe simulatedstandardieviationsandthe CR boundexhibit

a sensingthresholdof ATxrys ~ 1.1 K. Thatis, the wind direction standarddeviation

1K-bandTy looksweregeneratedy averagingthe 10.7and37.0GHz data.
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Figure7.4: Sensitvity of retrieved wind directionto ATgys. Theseresultsarefor data
set2 at a simulatedheadingof 90° with respecto wind directionandazimuthlook angle
pairsof (-45°, 135), (0°, 18C), and(45°, 135’). Thethreechannelcombinationsare(a)
10.7,18.7and37.0GHz; (b) 10.7and18.7GHz; and(c) 10.7and37.0GHz. Theretrieval
standardieviationsareplottedasx’s andthe CR boundon thedirectionstandardieviation
is plottedasa solid line for comparison.
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rapidly increasedor radiometemoiselevels beyond this threshold. The thresholdeffect
is analogoudo the detectionthresholdin FM or phasedemodulatior{62]. For valuesof
ATrus < 0.7 K, theretrieval standarddeviation is closethe CR bound. The retrieval
requiresa maximumallowable ATgyrs of ~1 K in orderthat the direction standardde-
viation remain< 15°. The channelsetswith the 37.0 GHz bandperformedbetterthan
the othersetbecausef the large amplitudeof the 37.0 GHz azimuthalharmonics.Under
conditionsof highatmospheridoss(e.g.,convection),however, theimportanceof the 37.0
GHz bandis expectedto diminish,whereaghe 10.7 GHz bandis expectedo berelatively
unafected. ComparingFigures7.4(a)and7.4(c), the utility of the 18.7 GHz channelds
relatvely small,increasingherequiredATg,ss for aCR errorboundof 15° from ~1.2K
(c)to ~1.3K (a). Thus,the satellitedesignemustconsidercarefullythe value-addedaost
andcompleity of anadditionalpolarimeterat 18.7 GHz.

In summary the simulatedretrievals supportthe hypothesestatedin Table 7.1.

Averagerankingsof thethreedesigncasesverthefour datasetsareasfollows (from best

to worst):
¢ |dentifiedambiguityrate: Casel (0.4%),Case2 (20.4%),Case3 (37.3%)
e Resoledambiguityrate: Casel (100%),Case3 (92.3%),Case2 (88.9%)
e RMSwind directionerror: Casel (8.4°), Case2 (12.6"), Case3 (14.0)
e RMSwind speecerror: Casel (0.8ms™1), Case2 (1.0ms™!), Case3 (1.6ms!)

It shouldbe notedthatthe abore RMS error resultsmight be optimistic for the two-look
dual-polarizatiorradiometer(case?) becausehe simulationsdid not includethe effect of
significantgeophysicamodelingerrorscausedy cloudsandconvection.Dependingupon
the operationakequirementsthe one-lookpolarimetermight be acceptablehowever, the

two-look polarimetricconfigurationsurpassethe performancef the otherdesigns.
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CHAPTER 8

Conclusions

A systemfor high-resolutionmappingof oceansurfacewind vectorsusing passve mi-
crowave polarimetrywas presentedn this thesis. As a centralcomponenbf this system,
the PSRwas the first technologydemonstratiorof a digital correlationpolarimeter A
novel unpolarizedwo-look calibrationmethodwasdevelopedandsuccessfullyappliedto
the PSRLabradorSeaflight data. Obsenationsusingthe PSRonboardthe NASA P3-B
researchaircraft resultedin the first two-dimensionakurfacewind fields retrieved from
multibandpolarimetricmicrowave imageryof oceansurfaceemission.Theretrievalswere
basedon anempirical GMF derivedfrom averagedrightnesssariationsobtainedat wind
speeddrom 0.4to 16 ms~. The GMF agreesvell with two independeninvestigationof
brightnessrariationsasobsenred from satellites.Theretrieval resultscomparedvell with
dropsondemeasurementand Eta modeloutput. Comparisorof the retrieval statisticsto
its CR boundrevealthe capabilitiesandlimitations of the ML/A CW algorithmfor retriev-
ing wind directionsfrom two-look obsenationsover homogeneousloudsandcorvective
regions. Simulatedsatelliteretrievals were conductedo studythe performanceof three
spaceborneadiometer/polarimetezonfigurations Basedon quantitatve results,the two-
look polarimetemwasconcludedo bethebestdesignchoice. The conclusiongiravn from
thiswork will advancetechniquesn passve microwave polarimetryfor remotesensingof

oceanwinds.



8.1 Summary of Thesis

Thedigital correlationpolarimetemwasdevelopedn Chapter2 andtheassociatetiardware
andcalibrationwerepresented Chapters3 and4. Thepolarimetemuseda high-speedlig-
ital correlatorto performthe correlationsecessaryo measureahethird Stokesparameter
Therelationshipdetweerthesignalinput statisticsandthe correlatoroutputswerederived
andusedto computetheassociatedadiometricsensitvities. In practice theactualAT gy s
valueswere~2 timesthefundamentalimit. Systematierrorsdueto systemnonidealities
andtheir mitigation throughdesignandcalibrationwere alsodiscussedA novel calibra-
tion techniquefor the third Stokesparametechannelthat usesthe hot andambientloads
waspresente@ndappliedto the PSRflight data.A fully polarimetriccalibrationstandard
wasutilized to verify the effectivenessf the techniqueandthe absolutecalibrationof the
U-channewasfoundto be~ 0.4 K.

Thedigital polarimeteris a viable alternatve to analogsystemghat requirecom-
prehensie in-situ calibration. Although the gainsof the PSR correlatorswere nonideal
andlessthanunity, the potentialcausesndtheir relatve importancewnereidentifiedin the
analysef Chapter2. The ability to compensatdor the correlationoffsetswithout the
useof a polarizedcalibrationstandards an extremelydesirablefeaturefor spaceapplica-
tions. The useof digital correlationin spacebecomesnorepracticalwith time asdigital
integratedcircuit sizesdecreas@andspeedsncrease.

The PSRwasusedto obtainthefirst multibandpolarimetricimageryof oceansur
faceemissionduringthe LabradorSeaexperiment.As describedn Chapter3, theimagery
containsboththe subtle,yet systematicwind directionsignatureaswell asbrightnessn-
homogeneitiesTheinhomogeneitiesrepresenin T, andT; imageryandaretypically a
few kmin sizeandafew Kelvin is amplitude.The T imageryis quite systematiclacking
theinhomogeneousharacteristicThe obsened brightnessrariationsare hypothesizedo
arisefrom bothsurfaceroughnessndcloudliquid watervariations.

Using LabradorSeameasurementgn empirical GMF for brightnesgemperature

over the oceanwasdescribedn Chapters. The modelcontainsboththe azimuthalwind
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direction harmonicsand the azimuthally-aeragedzeroeth-ordecomponents.The first-
and second-ordeharmonicamplitudecoeficients of the wind direction harmonicswere
measuredat wind speeddrom 0.4 through16 ms=t. The T, and7}, resultsare compa-
rableto thoseobtainedusingthe SSM/I satelliteradiomete{66], thuscorroboratingooth
measuremertechniques.The T;; resultsare somavhat comparablgo recentlypublished
fixed-beanradiometemircraftobsenations[69]. Thedifferencedetweerthesatelliteand
aircraftmeasurementsf thefirst threeStokesparametersuggesthatadditionalprocesses
beyond surfacewind speedhave an influenceuponthe brightnessemperaturenarmonic
amplitudes. While the wind speedis fairly well correlatedto the harmonicamplitudes,
processethatdrive theocearwave spectraddevelopmensuchasfetchandboundarylayer
instability might be contributing factorsto the ervironmentaldependencef the azimuthal
signaturesNonethelessthe GMF’s consisteng with the otherobsenationsandits fairly
high correlationwith wind speedis sufficient for meaningfulwind directionretrievalsin
Chapter6.

Thefirst useof conically-scannedhicrowave polarimetricimageryof theocearsur
faceat10.7,18.7,and37.0GHzto generatdigh-resolutiomearsurfacewind vectormaps
wasdemonstrateth Chapter6. While a variety of ad hoc wind vectorretrieval methods
could be used,the ML/A CW estimatorhastwo distinctand desirablecharacteristics(1)
the ability to adaptvely modify the channeleightsbasedon the obsered processvaria-
tion and(2) theavailability of ananalyticCR bound.The ML/A CW algorithmwasapplied
to fore- andaft-look PSRimageryin bothfull-conical andtwo-look modesto generatehe
first one-andtwo-dimensionapassve microwave wind vectormaps,respectrely. Com-
parisonsof the retrieved wind vectormapswith dropsondeneasurementand Eta model
output suggesthat using the ML/A CW techniqueappliedto 10.7,18.7,and 37.0 GHz
full-conical polarimetricscanscanprovide RMS errorsof +10° over footprintscovering
anareaof aslittle as~50-100km?. Theretrieval errorusingthetwo-look ML/A CW tech-
niqueis only slightly worse,but considerablymoresensitie to localinhomogeneityn the

upwelling brightnesdield. The two-dimensionatetrieval for the caseof March 7 shaws
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particularlyhigh variability neara region of majorwind shift, an effect possiblyresulting
from theconfusedhatureof the seasurface.Thetwo-lookretrieval achiezeda 90%skill in
retrieving the non-ambiguousvind direction.

A byproductof the ACW techniqueis an estimateof geophysicamodelingerror
variance.This error estimatecanbe usedto studythe relative informationalcontentof the
variouschannelsandclearlyrevealsthe utility of the third Stokesparameteover corvec-
tion. Thealgorithmweightedall channelsearlyequallyoverthe homogeneoueegionsof
theflight track. In thevicinity of thelarge brightnesgeaturesearthewind shift, however,
the relative weight of the 37.0 GHz Ty channelwasincreasedy over an orderof mag-
nitude,andlessso for the 10.7 GHz Ty channel. The smallerincreaseof the 10.7 GHz
channelwasexpectedecauséossesdueto cloudsandtheatmospherarelessatthelower
frequeny thanat37.0GHz. Thesmallerincreasef thischannels weightoverits compan-
ion T,, andT}, channelsalsosuggestshatan X-bandpolarimeteris usefulfor probingthe
surfaceundercloudy and convective conditionsthat would otherwiseobscurethe surface
atKa-band.

Simulatedsatellite retrievals were conductedto study the performanceof three
spaceborneadiometer/polarimetezonfigurations(1) tri-polarimetrictwo-look, (2) dual-
polarizationtwo-look, and(3) tri-polarimetricone-looksystems.Theidentifiedambiguity
rateandthe RMS directionerrorwereusedasquantitatve performanceneasureso judge
eachsystem.Basedon thesequantitatve results,the two-look polarimeterwasconcluded
to be the bestdesignchoice. Sensitvity studiessuggesthatthe ML/A CW algorithmap-
plied to two-look polarimetric dataapproacheshe CR boundto within a few degrees.
Coupledwith theretrieval resultsof Chapters, the simulationssuggesthat sucha space-
bornesensorshouldbe ableto remotelysensenoceansurfacewinds with an RMS error of

~ 10-20 with fewerthan~10%ambiguities.
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8.2 Suggestiondor Future Reseach

Thisthesishasconcentratedn developingtechnologyandtechniquedor theremotesens-
ing of oceansurfacewinds by passve microwave polarimetry However, the systemand
algorithmspresentedereareexpectedto benefitfurtherinvestigationaandadwancements
in threeareas?) technologydevelopmenfor aspace-qualifiedigital correlationpolarime-
ter, 2) betterunderstandin@f unmodeledyeophysicaprocessethatinfluencethe passve
wind directionsignatureand3) thedevelopmenbf anoperationapassve microwvave wind
vectorretrieval algorithm.

The operationof the PSRindicatesthataccurateandrelatively low noisemeasure-
mentsof thethird Stokesparametecanindeedoe madeby digital correlationpolarimeters.
Efforts neededor further developmentof a space-qualifiedligital correlatorinclude (1)
low-power and high-speedligital circuits, (2) high-speed|ow-noiseand precisionthree-
level A/D corvertersand(3) integrationof theRF, IF, anddigital subsystemsito amixed-
signallC or multi-chipmodule(MCM). Much of thistechnologyis availableandis usedin
commercialandconsumeiproductssuchas(1) singlechip superheterodyneeceversfor
cellularphones(2) high-speed/D corvertersfor widebanddigital communicationsand
(3) high-densitymixed packagingof digital andanalogcomponentgfor examplein alpha-
numericpagers).Thegreatesthallengds thequalificationof thesetechnologiegor space
applications.With the growth of satellitebasedcellular systemshowever, spacequalified
componentsaisedfor digital communicationgreexpectedto becomeubiquitous.Thisin-
vestmentby the telecommunicationsdustry shouldbe leveragedor the developmentof
satellitebasedsensors.

Thedifference®f the PSRGMF andsatellitemeasuremenisdicatethatgeophys-
ical processe®therthanjust wind speedare affecting the passve wind direction signa-
ture. Additional aircraftmeasurementareneededo studythis problem.The experiments

shouldtargetthe effectsof atleastthefollowing parameters:

e Fetch: Overflightsof buoys at varying distancegrom the shorecanprovide obser
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vationsof varying fetch. One of the importanteffects of fetch is the evolution of
longwavesfrom nonlinearinteractionbetweershorterwaves[43]. Spectrainforma-
tion aboutthe oceanlongwavescanbe obtainedfrom NDBC buoys andthe ROWS
radar[63].

e Stability: Overflightsof buoys understableandunstableatmosphericonditionscan
provide obsenationsuseful for determiningthe effect on the azimuthalbrightness
signature. Coincidentmeasurementsy dropsondevill be usefulfor determining

theboundarylayertemperatureandhumidity profile.

A concerteceffort shouldbe madeto choosesitesat which the conditionsare essentially
steady-state For example,an abrupttemporalchangein wind direction (perhapsdueto
afrontal passageis not desirablebecausehe longwave spectrumcould be bi-modal,and
thusthe effectsof longwave amplitudemight not be clearly discernible. Theflights should
alsobe plannedto decouplehe parametersinderstudyasmuchaspossible.

Theretrieval algorithmpresentethasthetwo desirabldeaturesof (i) adaptve chan-
nel weightstechniqueand (i) a closed-formCramefRao error bound. The technique,
however, operate®n singlepixelsor wind cells,which areinherentlycoupledby fluid dy-
namics.Linearandnonlineartechniqueslongwith coupledocean-atmospherimumerical
weathemodelscouldbeusedo exploit thecorrelationdbetweeradjacentellsasgoverned

by the naturalvariability of nearsurfacedivergenceandvorticity fields.
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APPENDIX A

Correlation CoefficientInversion

Thedigital correlationcoeficient canbe computedoy thefollowing:

Tab = Oy, Oy, /0/’ [ (06,00, 04,00; 0') + f(0u, 00, —00,0; p') +
F(=00,00,00,0; 0") + f(—0u,00, —00,06; 0') dp” (A1)
Symmetryof the Gaussiarprobability densityfunctionallows usto write:
o = 202,03, [ F(Outos 0t )+ 0l =oubif) b (A2)

Thefunctionoy, oy, f (04,84, 04,0; p) isrecognizedhsthebivariatenormalpdf[1, (26.3.1)]:

1 62 — 2p0,0, + 02
04,0p;p) = ———exp | -2 - b A3
R ey e |- A2
Rewriting the expressiorfor r,, usingthe bivariatenormalpdf yields:
0
o =2 [ D603 ) + p(Cus 00 ) (A4)
0

The task at handis to expandthe integrandin a Taylor seriesand then integrate. The

integrandof theaboveis
I(p') = 2p(0a, 0v; 0) + 2p(0a, —0s; ') (A.5)

This canbeexpandedn a Taylor seriesin termsof p':

1 1 1
L(p) = 1(0) + 1V (0)f' + ;1@ (0) p" + 1@ (0) " + ;19 (0) p

4

4. (AB)



Thealgebranvolving thederivativesis quite cumbersomandthe computeralgebrapack-

ageMapleV wasusedto evaluatethe derivatives. Thesederivativesare

0
a_p(em 0b7 P) = p(em 0b7 O)Qaeb (A7)
p p=0
2
ﬁp(em 0b7p) = p(eay 0b7 0) (02 - 1) (03 - 1) (A8)
p p=0
83
Fp(eay 0b7 p) = p(eay 0b7 0) (300, - 02) (30b - 03) (Ag)
p p=0
4
5P 0ur00)| = p(64,0,,0) (3 - 662+ 67) (3 — 663 + 0}) (A10)
p=0

The derivativesof p(6,, —6,, p) are easilyfound by substituting—8, for 6, in the above.
Becausehefirst andthird derivativesareoddfunctionsof 8, and#,, it isimmediatelyseen
thatthe Taylor seriestermswith odd powersof p will cancelleaving only theevenpowers

of p. Adding theappropriataderivativesyieldsthefollowing for theintegrand:

1 2
1(p)) = 4p(6a,6,,0) [1 RNy

+

i (3 — 662 +67) (3 — 667 +6;) p’4] +0(p) (A1D

Finally, integratingtheabove yields:

Tap = %exp [—% (62 + 93)] X [P+ é (% —1) (65— 1) o+
1

20 (3—602+0,) (3—606; +6,) p5] +0(p") (A12)
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APPENDIX B

Digital Radiometer Sensitvity

This appendixcontainsa derivation of the sensitvities of both the cross-and autocorre-
lating channelof the digital polarimeter Thesesensitvities areassumedo be optimized

with respecto the A/D corverterthresholdevel.

B.1 Cross-corelator Sensitvity

Thesensitvity of thethird Stokesparametecross-correlatinghannels

O-?ab

AT, = — .
U,RMS 37“ab/3TU (B 1)
Usingthechainrule, thederivative in the denominatois expanded:
arab _ arab ap (B.Z)

0Ty  9p 0Ty
Thederiative dr,;,/dp evaluatedfor smallp canbe computediusing(2.16)and(2.17):
lim = = 1im 0,04, [/ (9,0, 0,45 ) + F (=0, 00 00,055 p) +
f(0v,0a, =00, 00; p) + f(=00,0a, =0, 05; p)] (B.3)
= 1im 204,04, [£ (0,00, 05,055 p) + (= 0v0a; 72,00 p)]
For the typical correlator the channelsaareassumedo be balancedi.e., o,, = 0,

y = 0)

andthethresholdevelsfor both of theinput A/D corvertersareassumedo be equal(i.e.,



6, = 6, = 6). Simplifying theabove:

lim or _ = lim 202 [f (00, 08; p) + f(—0b, 00; p)]

p—00p  p—0
=202 [f(08,00;0) + f(—0b,00;0)] (B.4)
=40 f(00, 00;0)
Theremainingderwative is obtainedirom (2.5):

op 1

= B.5
aTU 2\/ Tv,sysTh,sys ( )

In the numeratomof (B.1), the standardieviation of 7, is found by definition:
Oy, =\ (Tap) — (Tan)? (B.6)

Underthelimiting caseof p — 0, theexpectedvalueof thedigital covarianceis zero:

}J%(Taw =0. (B.7)
The standarddeviation now is
2
}JI_I)I(I) o7, = }JI_I)I(I) (T2,). (B.8)

Expandingthe quantity(72,) resultsin:

;

(B.9)

Evaluatingthe limit allows the expectedvaluewithin the doublesumto be separatednto

two partsbecause, andv, arestatisticallyindependenivhenp — 0:

}JI_I)I(I) o) =Nz Z Z (va(PT))h(ve(mT))) (h(vp(nT))h(vs(mT))) (B.10)

n=1m=1
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Furthermorebecaus¢he samplesareindependenandidenticallydistributed,all non-zero
lag productsarezero; (h(v, (nT))h(v,(mT))) = 0 for n # m. Theabove doublesumma-

tion becomes

1 N

i (7%,) = 3 D (B (va(nT))) (*(vs(nT))

n=1
1
= 7 (P*(va))(h*(w))
| SO
= D ED.
Finally, by combiningthe previousresults theradiometricsensitvity is found:

\/<§(2z> <§2>Tv,sysTh,sys
202 f (a8, 06; 0)vVN (B.12)

Theabove expressiorcanbewritten in termsof 8 by substitutingn (2.8) and(2.12):

(B.11)

lim ATU,RMS =
p—0

2
2e?

}JI_I% ACZ—’U,RMS = \/N [1 - @(0)] V Tv,sysTh,sys (813)

Computingthevalueof § for theminimum ATy, gy s canbedoneusingNewton’s method.
Theoptimalé is 0.61with
2.47

ACZ—’U,RMS = ﬁ Tv,sysTh,sys (814)
Comparehisto the continuouscorrelator
2
ACZ—’U,RMS = \/—N \V/ Tv,sysTh,sys (815)

B.2 Total-power Sensitvity

Thesensitvity of thetotal-pover channeis found similarly:

VB -3
ATy rms = 352 [0 anT.e (B.16)

Onceagain,thedenominators expandedusingthechainrule:
0(83) _ 0(s2) 0(ov,)

(¢4

OTunt,e  0(02 ) 0TanT 0

(B.17)
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Thefirst termin the productis the differentialrelationshipbetweernthe input voltagevari-

anceandthe outputof thetotal-pover channelof thedigital correlator From(2.12),
8(?2) 0 Vth,o
ol =2 1-9 | —=
d(c3,)  9(07,) [ (x/ff%a

_ _Vthe exp _1 (’Uth,a>2
o3 V27 2\ 0Oy,

Recalling(2.15),the varianceof theinput voltagesignalis

(B.18)

02, = RokBGo(Tant,a + Truc,) (B.19)

sothat

a 2 2
(O) _ o, (B.20)
aTANT,a Ta,sys

whereTy sys = TrEC,o + Tant,o. Combiningthetwo dervativesyields

9(52%) _ 1 (Uth,a ) exp 1 (Uth,a ) 2
OTanT e TaysaV2m \ Oy, 2\ oy,
= #9 e~ 2%

ToysaV22m

In the numeratomf (B.21),the standardieviation of 52 is foundby definition:

(B.21)

VI((32)?) - (32)2 (B.22)

Thisis computedy first expandingthe expectedvalueof (52 )?:

(32)7) = <[§Zh2<va<nf’>> & 3 R(we(mT)) >
= <%gmilh2 Vg nT))h2(va(mT))> (B.23)
= ;2 Z Z< (va(RT))I* (va(mT)))
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Becausehe sampleof v, areindependenandidentically distributed,the above expected

valuecanbewritten:

(h?(va(nT))) (h*(va(mT))) forn #m
(h(ve(nT))) forn=m

(1 (e ()2 (w0 (mT))) = { (8.24)

Corveniently by the definition of A(v), h'(v) = h?(v). Substitutingthesetwo casesnto

thedoublesummatioryields

(8% = 35 32 (RalnT) + 1530 3 (W2 (a(nT))) (2 va(mT)))
n=1 n:nl;éryr;,LZI (825)

-y (1- 1) @

Thevarianceof 52 is

— /= (@) (1 - (52)) (8.26)

1

= \/N [1—@(0,)] @ (6a)

Formingthequotient(B.16)with thevariance(B.26) andthederivative (B.21) pro-

duces
\/27’(’ 1p2 T
AT, = 2%, /d (0,) — D2 (,) 2222, B.27
RMS = g€ vV (0,) ( )\/N (B.27)

The optimumvalueof 4, for besttotal-paver radiometersensitvity is found by minimiz-
ing AT, ryms With respecto §,. Again, this canbe donenumerically The sensitvity is

minimizedatd, = 1.58 suchthat

T.
AT, = 1.98 %2 B.28
,RMS N ( )

For operationof the polarizationcorrelatingradiometerhowever, the valueof 6, is setto
minimize the noiseof the T;; measurementAt the optimal point for Ty, wheref, = 0.61,

thesensitvity of thetotal-paver channels

T.
AT, = 29022 B.29
,RMS N ( )
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APPENDIX C

Thr esholdOffset Effects

Perturbationgn thethresholdvoltageswill changeheoutputof thedigital correlator With
asymmetricthresholdlevels, the digital correlationcoeficient can be computedby the

following:
Tap = Tab|p:0 +
0
Ovaavb / f(ava (ea + 60,)7 Ovb (eb + 6b)7 pl) + f(ava (ea + 60,)7 Ovb(_eb + 6b)7 pl) +
0
J (00, (=00 + 84), 00,0 + &), ') + [ (00, (—04 + 84), 00, (=6 + 6), p)dp’. (C.1)

Usingthedefinitionfor thebivariatenormalpdf (A.3), theabove becomes

p
Tab = Tab|p:0 + / p(ea + 6a7 eb + 61)7 pl) +p(0a + 6(17 _eb + 61)7 pl) +
0
(=04 + 00, 05 + 8, p') + P(—0a + 84, =05 + 05, p')dp’. (C.2)

To determinghebehaior of r,;, with respecto ¢, andd,, we needto expressheintegrand

in athree-dimensiongdower seriesin p, 4, andd,. Theintegrandis
I (pl) = p(ea + 6a7 0 + 5b7 pl) +p(9a + 6a7 -0y + 5b7 pl) +
P(=0a + 84,06 + 0, p) + P(—0a + b0, =0 + 65, p') (C.3)
andits expansionin o’ is nearlyidenticalto thatin sectionA. The Taylor seriesexpansion
is

1 1 1
I(p)=1(0)+1IM(0)p + 5I<2> 0)p” + 51@ 0)p”° + 51(4) 0)p" +... (C.4)



Whatremainss to determinehetwo-dimensionallraylor seriesin ¢, andd, of eachof the
termsof the integrand. Throughoutit is assumedhatd, andd, areO(d) andthe Taylor
seriesaregenerallytruncatecbeyond O (62) .

Thefirsttermof I (p') is

I (0) = p(0a -+ 50,7 0,, -+ (5(,, 0) +p(9a -+ (5a, —0,, -+ (5(,, 0) -+
(=0 + 04, O + 8, 0) + p(—b, + 4, =6y + 6,0) (C.5)

Thereare four instancesof a term with the form p(z + a,y + b,0), wherez = +4,,
y = 16y, a = 04, b = &. Thetwo-dimensionallaylor seriesaboutz andy will bederived
thenappliedto theabove.

Theexpressiop(z + a,y + b, 0) is theproductof two standarchormalpdfs: p(z +
a,y+b,0) = Z(z + a)Z(y + b), whereZ(z) = \/%_We—”/? is the standarchormalcurve
[1, (26.2.1)]. The Taylor seriesof this productis

px+a,y+b0)=Z(x)Z(y) + AS (z)Z(y)a + Z(:E)Z(l)(y)b +
1

of [Z®(2)Z(y)a® + 22V (2) ZV (y)ab + Z(2) ZP (y)b*] +... (C.6)

The derivatives Z(™ () of the standarchormalpdf canbe expressedn termsof Hermite
polynomialg[1, (26.2.32)]:

ZM(z) = (=1)7"27"2Z(z) Ha( ), (C.7)

Sls

wherethe first three Hermite polynomialsare Hy(z) = 1, Hi(z) = 2z, and Hy(z) =

422 — 2. For example the secondderivative of Z(z) is

Z@(z) = (=1)7227%2Z () Hy(

)

Sls

(C.8)
= Z(z) (a? — 1)
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Substitutingtheseresultsinto (C.5), thefirst termof theintegrandis

I(0) = Z(0,)Z(6y) + ZM (0,) Z(6)6, + Z(0,)Z™M (8,)85 +

Z®(0.)Z(06)02 + 221 (02) 2 (6)0005 + Z(02) 2P (6,)5;] +
ZD(0,)Z(05)02 — 220 (0,) 2NV (05)0a0 + Z(62) 22 (6,) 7] +

[
(
[
Z(0.)Z(05) — ZN(0,)Z(8)00 + Z(6,) ZV (6) 6 +
[Z2)(8a)Z(65)07 — 220 (8.) 21 (85)800y + Z(62) 2P (6,)67] +
(06) — 21 (02) Z(06)00 — Z(0a) Z™ (8,)6, +
[

ZP(0,)Z(0)62 + 221 (0,) Z" (05)326 + Z(0) 2 (64)67] + . ..
(C.9)

BecauseZ(x) and Hy(z) areeven functions, Z(? (z) is alsoeven; corversely H,(z) is

odd,whichmakesZ")(x) odd. This allows the above to be greatlysimplified:

10) =4 (262060 + 5 (22600260052 + 26)226)87) ) + ..

X (C.10)
— 4p(z,,0) (1 e-eyea-g) 53]) L0
Thesecondermin the Taylor seriesof I (o) is
1M(0)p' = 217(9a + Ga; O + G, p) + 217(9a + 04 =0y + 0p, p)|  +
9p g0 Op p=0

9] 9] )
_p(_ea +6a70b+6b7p) + _p(_0a+6a7_0b+6b7p) P (Cll)
9p p0  Op p=0

Thefirst partial derivative with respecto p, evaluatedat zero,of the bivariatenormalpdf

is

= p(04, 05,0)0,6,
p=0 (C.12)

=0,7(0,)0,Z(6y)

0
a_pp(em 0b7 p)
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Thus,

IW(0) = (0 + 3a) Z (8 + 62) (0 + 65) Z (8 + 63) +
0y + 00)Z(0, + 00) (=0 + 6) Z(—0y + &) +
(=8, + 00) Z(—6s + 80)(0p + ) Z (6 + 0) +
(=0, + 00) Z (=0, + 80)(—0y + 0,) Z(—0, + &)
= [(6a + 0a) Z (0 + ba) + (—ba + 0a) Z(—04 + 64)] X
[(0y + 00) Z (0 + 0b) + (—6p + ) Z(—0p + 0p)]

(C.13)

Next, considettheexpression(f, + o) Z (0o +04) + (—0a +64) Z(—0,+ d,) by expanding

the standarchormalpdfsin onedimensionallTaylor series:

(9a+5a)[ (6) + Z(80)50 +2lz (6)5 + .. ]+
(—9a+5a)[ (=) + 20 (=62)5. +2lz<>( aa)5§+...]

=ea[Z(ea)+ D(8a)0a + 512 (0)07 + ]

)0a +

1
(2) 2
51 2% (a )5a+...]

— 0, [Z(Ga)
(C.14)
(

+6, | Z(0.) + Z

D(9,)6, + %z@)(aa)&g + ]
- 7Z

W (6,
+ 04 | Z(0,) — ZW(8,)0, + . Z@(0,)62 + ]

2!
=00 (2Z2(00)00 + ...) + 204 [ (0a) + 21|Z (62)62 + ]
= Z(0a)0a (1 - 26;) + O (57)

Finally, substitutingthe above seriesinto thea andb termsof (C.13)yieldsthefollowing:

10 (0) = 28,8,p(6,, 05, 0) (1 — 262) (1 — 267) + O(6°) (C.15)
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Thethird termin the seriesexpansionof I (p') contains

= [(0a + 60)> = 1] Z(0a + 80) [(6s + 60)° — 1] Z (8 + &) +
[0 + 62)> — 1] Z(8, + 84) [(—0y + ) — 1] Z(—0y + 8,) +
(=04 + 64)% — 1] Z(=0, + 8,) [(6s + 6)% — 1] Z(0y + &) +
(=00 + 82)° — 1] Z(—=04 + 6a) [(—0s + 6p)° — 1] Z(—0, + &)
= [(02 + 2006, + 6, — 1) Z(0s + 8o) + (02 — 2046, + 07 — 1) Z(—b0 + 80)] X
[(05 + 20,6, + 65 — 1) Z(0y + 6) + (0 — 2056, + & — 1) Z (=0, + 6;)]

(C.16)
Considerthefollowing expressiornoy expandingZ in apower series:
(02 + 20000 + 62 — 1) Z (0o + 6a) + (62 — 20064 + 62 — 1) Z(—00 + 64)
= (62 + 2060+ 8% — 1) [Z )+ 20 (0a)ba + 5 70 (0)5% + ] +
(02 — 2040, + 6% — 1) [Z( 0o) + ZM (=0,)6, +21|Z()( 0 )5§+...]
(C.17)

=2(62+02—1) [Z(Ga) + 170

o (0,)02 + ] + 48,00 [ZV(00)00 + .| +

1
_ 9 (62442 —1) [Z(G )+ 5200 (82 - 1) 53] 80,0000 7(0)00 + . .
=Z (0a) ((02 — 1) 05 + (662 + 65, +3) 62 + 2602 —2) + ...
Substitutingtheabove resultinto (C.16)produces,
I®(0) = p (6a, 65, 0) [(662 + 05 + 3) 62 + 262 — 2] x

[(66; + 6, +3) 6, +26; —2] + O (6") (C.18)

Combiningandintegratingthefirst threetermsof theintegrand(C.10),(C.15),and
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(C.18)resultsin

1
Tab = Tab|p:0 + 4p(0a70b70) (1 - 5 [(1 - 02) 62 + (1 - 03) 63]) P

6a6bp(0a7 0b7 0) (1 - 202) (1 - 20?) p2 +
%p (B, 05, 0) ((662 + 0, + 3) 62 + 262 — 2) ((66; + 0, + 3) &7 + 207 —2) p* +
O (p*,6%)

@ll—‘

4(0a, 05, 0) [ (L= 62) 8 + (1 62) 62 p+
15 o0 (1—202) (1—267) p° +
L0624 01 +8) (1 8) 82+ (1~ 62) (66} + 60 + ) &] p3] n
0 (5", 5%)
(C.19)

Therearetwo differentpower seriesin p thatcanbeidentifiedin theabove. Thesearethe
idealrelationshipbetweerp andr andanerrorseriescausedy nonzerathresholdoffsets
0, anddy:

2
Tab = Tab|p 0 + Tab|5 —6,=0 + — eXp [—— (02 +0b):|

—% [(1—62)82+ (1—67)6;] p+ Zéaéb (1—2602) (1—26;) p*+
—é[(GGﬁ +65+3) (1—67) 82+ (1—62) (66; + 0, +3) 6710°| + O (p*,6°)

(C.20)
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APPENDIX D

Simulated Satellite Retrievals

Thisappendixcontainghesimulationresultsof thefour datasetsandthreecasesliscussed

in Chapter7.
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FigureD.1: Resultsof the four-fold searchfor ML solutionsbeforeambiguity removal

for datasetl. Thetrue ML solutionsare plottedaslines andthe local-minimasolutions
denotedy individual points.
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FigureD.2: Fourfold searchresultsafterambiguityselectionfor datasetl. Theaccepted
ML solutionsand chosenambiguitiesare plotted as lines and the rejectedsolutionsas

points.
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FigureD.3: Scattemlots of final retrievedwind vectorsfor datasetl. Thefinal solutions
(after ambiguity removal) are plotted as individual points. The unresohed ambiguities
areplottedasx’s. The 1-, 2-, and3-o contoursof a fitted Gaussiar{(ignoring unresohed

ambiguities)are plotted for reference. The meanretrieved wind vectoris plottedas an
arrow.
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FigureD.4: SameasFigureD.1 exceptfor dataset2.
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FigureD.7: SameasFigureD.1 exceptfor dataset3.
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FigureD.8: SameasFigureD.2 exceptfor dataset3.
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